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ABSTRACT 

We present the spectroscopic redshift catalog from a wide-held survey of the fields of 28 galaxy-mass strong 
gravitational lenses. We discuss the acquisition and reduction of the survey data, collected over 40 nights 
of 6.5m MMT and Magellan time, employing four different multi-object spectrographs. We determine that 
no biases are introduced by combining datasets obtained with different instrument/spectrograph combinations. 
Special care is taken to determine redshift uncertainties using repeat observations. The redshift catalog consists 
of 9768 new and unique galaxy redshifts. 82.4% of the catalog redshifts are between z = 0.1 and z = 0.7, and 
the catalog median redshift is z„,ed = 0.36. The data from this survey will be used to study the lens environments 
and line-of-sight structures to gain a better understanding of the effects of large scale structure on lens statistics 
and lens-derived parameters. 

Subject headings: catalogs—galaxies: distances and redshifts—cosmology: distance scale—cosmology: grav¬ 
itational lensing—galaxies:individual:(ER 0047-2808, CTQ 0414 , HE0435-1223, CLASS 
B0712+472, MG J0751+2716, FBQS J0951+2635, BRI0952-0115, CTS J03.13, HE1104- 
1805, PG 1115+080, MG J1131+0456, RXS J1131-1231, CLASS B1152+199, HST 
J12531-2914, LBQS 1333+0133, CTQ 0327, HST J14113+5211, [HB89] 1413+117, 
CLASS B1422+231, SBS 1520+530, MG J1549+3047, CLASS B1600+434, CLASS 
B1608+656, MG J1654+1346, PMN J2004-1349, WFI J2033-4723, CLASS B2114+022, 
HE2149-2745) 


1. INTRODUCTION 

Strong gravitational lenses hold the promise to constrain 
cosmological parameters such as the Hubble constant Hq 
(e.g., Refsdal 1964; Kochanek & Schechter 2004) and the 
dark energy density Ga (Chae 2003; Mitchell et al. 2005), 
to determine the properties and evolution of dark matter ha¬ 
los (e.g., Koopmans et al. 2009; Barnabe et al. 2009), and 
to uncover substructure in those halos (e.g., Mao & Schnei¬ 
der 1998; Metcalf & Madau 2001; Dalai & Kochanek 2002). 
Inspite of ever-increasing sample sizes and improved observa¬ 
tional data, systematic issues continue to plague current lens 
analyses. One such remaining source of systematics is the in¬ 
fluence of the large scale environments in which lenses reside 
(e.g., Keeton & Zabludoff 2004). This point is borne out in 
the detailed analysis of the lens B1608+656 by Suyu et al. 
(2010); the authors find that the largest sources of uncertainty 
on the derived cosmological parameters are the mass distribu¬ 
tions at the lens and along the line of sight (also see Wong et 
al. 2011). 

Both theoretical and observational work suggest that 
galaxy-scale gravitational lenses lie in complex environments. 
Statistical arguments imply that at least 25% of lens galaxies 
lie in groups or clusters (Keeton et al. 2000). Spectroscopic 
observations have confirmed several groups (MG0751+2716, 
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PG1115+080, B1422+231 and B1600+434, Kundic et al. 
1997a,b; Tonry & Kochanek 1999; Fassnacht et al. 2006; 
Momcheva et al. 2006; Auger et al. 2007) and clus¬ 
ters (RXJ0911+0551, Q0957+561, HST14113+5211, and 
MG2016+112, Kneib et al. 2000; Young et al. 1981a; Fis¬ 
cher et al. 1998; Soucail et al. 2001) around lens galaxies. 
The analysis of Momcheva et al. (2006) showed that ~ 50% 
of lenses in their sample are in groups and that a wide range 
of environments —small groups to massive clusters — host 
lenses. Furthermore, indirect, yet unconfirmed, evidence for 
the existence of complex environments comes from the large 
tidal shears required to explain the image configurations in 
many four-image lenses (e.g., Keeton et al. 1997; Lehar et al. 
1997; Morgan et al. 2005, 2006; Witt & Mao 1997, also see 
the Appendix). 

Gravitational lensing is produced by the integral of the 
mass between the source and the observer and, there¬ 
fore, foreground and background structures may also influ¬ 
ence the lensing potential. Observations show that line-of- 
sight structures are common (B0712+472, MG1131+0456, 
B1608+656, MG0751+2716, Fassnacht & Lubin 2002a; 
Tonry & Kochanek 2000; Fassnacht et al. 2006; Momcheva 
et al. 2006), and although the requirement that the structure 
is located at a small impact parameter, is fairly close to the 
lens in redshift, and/or has significant mass would suggest that 
only some of these structures should have a major impact on 
the lens, a detailed census of line-of-sight structures is needed 
to understand their frequency and significance. 

We have carried out a spectroscopic redshift survey to map 
the environments and line-of-sight structures for 28 lenses. 
Here we present the data acquisition and resulting galaxy red¬ 
shifts from this survey; subsequent papers will discuss in de¬ 
tail the lens environments, lines of sight, and the implications 
for lensing studies. Wong et al. (2011) have already explored 
the effects of the local environments and line-of-sight struc- 
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TABLE 1 

Gravitational Lens Galaxies 


Lens 

RA 

(J2000) 

Dec 

(J2000) 

Zl 

F814W 

[mag] 


AA b 

[days] 

Images 0 

A 7 grp d 

07 

[km s -1 ] 

kT x a 
[KeV] 

Q 0047-2808 

00:49:41.89 

-27:52:25.7 

0.485 

20.05 

3.595 


4ER 




Q J0158-4325 

01:58:41.44 

-43:25:04.2 

0.317 

18.97 

1.290 


2 




HE 0435-1223 

04:38:14.90 

-12:17:14.4 

0.455 

18.05 e 

1.689 

7.8+0.8 

4 




B0712+472 

07:16:03.58 

+47:08:50.0 

0.406 

19.56 

1.34 


4 




MG 0751+2716 

07:51:41.46 

+27:16:31.4 

0.349 

21.26 

3.20 


R 

13 

32o+ 170 

-110 


FBQ 0951+2635 

09:51:22.57 

+26:35:14.1 

0.260 

19.67 

1.24 

16±2 

2 




BRI 0952-0115 

09:55:00.01 

-01:30:05.0 

0.632 

21.21 

4.50 


2 

5 

170 +150 

1 ' -100 


Q 1017-207 

10:17:24.13 

-20:47:00.4 

(0.78) d 

21.82 

2.545 


2 



HE 1104-1805 

11:06:33.45 

-18:21:24.2 

0.729 

20.01 

2.319 

161±7 

2 




PG 1115+080 

11:18:17.00 

+07:45:57.7 

0.310 

18.92 

1.722 

25 0 +33 
-3.38 

4 

13 

440+ 90 
^ -80 

0.8+0.2 

RX J1131-1231 

11:31:51.60 

-12:31:57.0 

0.295 

17.88 

0.658 

87±8 

4 




MG 1131+0456 

11:31:56.48 

+04:55:49.8 

0.844 

21.21 

(2.0) d 


2R 




B1152+200 

11:55:18.30 

+ 19:39:42.2 

0.439 

19.26 

1.019 


2 




HST12531-2914 

12:53:06.70 

-29:14:30.0 

(0.69) d 

21.83 



4 




LBQ 1333+0113 

13:35:34.79 

+01:18:05.5 

0.440 

20.05 

1.570 


2 




Q1355-2257 

13:55:43.38 

-22:57:22.9 

0.702 

19.04 

1.370 


2 




HST14113+5211 

14:11:19.60 

+52:11:29.0 

0.465 

19.99 

2.811 


4 




H1413+117 

14:15:46.40 

+ 11:29:41.4 

(0.9) d 

18.61 

2.550 

23±4 

4 




B1422+231 

14:24:38.09 

+22:56:00.6 

0.338 

19.66 

3.620 

8.2+2.0 

4 

470+10° 

+ 'U_9 0 

1 0 +inf 

1 -0.3 

16 

SBS1520+530 

15:21:44.83 

+52:54:48.6 

0.710 

20.16 

1.855 

125.8+2.1 

2 



MG 1549+3047 

15:49:12.37 

+30:47:16.6 

0.111 

16.70 

1.170 


R 




B1600+434 

16:01:40.45 

+43:16:47.8 

0.414 

20.78 

1.589 

51.0+4.0 

2 




B1608+656 

16:09:13.96 

+65:32:29.0 

0.630 

19.02 

1.394 

77.0/ 3 

4 




MG 1654+1346 

16:54:41.83 

+ 13:46:22.0 

0.254 

17.90 

1.740 


R 

7 

200 +120 

zuu_ 8 o 


PMN J2004-1349 

20:04:07.07 

-13:49:30.7 





2 



WFI 2033-4723 

20:33:42.08 

-47:23:43.0 

0.661 

19.71 e 

1.660 

62.6+ dd 

4 




B2114+022 

21:16:50.75 

+02:25:46.9 

0.316 

18.63 



2+2 

5 

HO + 170 

11 -80 





0.588 







HE 2149-2745 

21:52:07.44 

-27:31:50.2 

0.495 

19.56 

2.033 

103.0+12.0 

2 





Note. — Data from the CASTLES website, unless otherwise noted (http://cfa-www.harvard.edu/castles/). The columns are 
as follows: full lens ID, right ascension (J2000), declination (J2000), spectroscopic redshift of the lens galaxy, /-band magnitude of the lens 
galaxy, spectroscopic redshift of the source, time delay, image configuration, number of spectroscopically identified group members associated 
with the lens galaxy including the lens, velocity dispersion of the group, temperature of diffuse X-ray emission of the group. 
a References in Appendix. 

b If multiple time delays are measured, the longest one is listed. 
c R: Einstein ring; E: extended; 2+2: two pairs of images of two different sources. 
d Photometric redshifts. 
e Magnitudes are SDSS /'. 


tures on the lensing potential. 

Apart from lensing, this survey will produce a large sam¬ 
ple of spectroscopically confirmed groups at intermediate red- 
shifts that can be used for studies of galaxy evolution in group 
environments. Group catalogs based on this survey are pre¬ 
sented in Momcheva (2009) and Wilson et al. (in prep.). 

In this paper we describe the acquisition and reduction of 
data for the spectroscopic survey, which spanned over 40 
nights of 6.5-meter telescope time and incorporates redshift 
data from four different spectrographs. In Section 2 we out¬ 
line the sample of lens fields surveyed. In Section 3 we 
present the target selection, observations, and data reduction. 
In Section 4 we present the master galaxy redshift catalog, 
and discuss the errors and the completeness of the redshift 
catalogs for each field. Throughout this paper we adopt the 
WMAP year seven cosmological parameters (Jarosik et al. 
2010) based on the combined constraints from WMAP, // (l , 
and baryonic acoustic oscillations: //o=70.4 km s 1 , Q„, = 
0.272, and Q/ = 0.728. 

2. THE SAMPLE 

The goal of this survey is to study the local environments of 
and lines of sight to strong gravitational lens galaxies, and to 
quantify the effects of any structures on the lensing potential. 
We selected our sample of galaxy-mass lenses from the CAS¬ 


TLES 7 , a survey that obtained Hubble Space Telescope (HST ) 
images in the H, I and V bands of galaxy-scale lenses and bi¬ 
nary quasars with the NICMOS and WFPC2 cameras (GO: 
7495, 7887; PI: Falco). The goals of CASTLES are to ob¬ 
tain photometric redshifts for lens galaxies, to measure their 
M/L ratios and compare the distribution of dark matter and 
stellar light, to probe the ISM of lens galaxies, and to iden¬ 
tify simple lens systems for measuring the Hubble constant. 
Including archival observations and HST follow-up by other 
groups, the current CASTLES sample consists of 100 lenses 
and 18 binary quasars. 

In order to identify targets for spectroscopy, we obtained 
wide-held two-band imaging for 69 CASTLES fields between 
2002 and 2005. The general observing and reduction strat¬ 
egy are given in Williams et al. (2006), which also presented 
initial photometric results. A subset of 28 lens fields was se¬ 
lected from the 69 imaged fields for follow-up spectroscopy; 
an upcoming paper will discuss the photometry of these 28 
fields. The primary criteria for spectroscopic follow-up were: 
that the lens galaxy had a known redshift z < 0.83, approx¬ 
imately where the 4000A break leaves the R band, thereby 
removing our ability to estimate red sequence redshifts pho- 

7 http://www.cfa.harvard.edu/castles/ 
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tometrically; and that the field had already been imaged and 
the photometry reduced prior to the spectroscopic run, as our 
imaging and spectroscopic runs were interleaved. In early ob¬ 
serving runs, this latter criterion introduces bias toward lens 
fields we considered “interesting”: those with evidence of 
complex environments (i.e., large shear), or with poor lens 
models, as well as a bias against lens environments that had 
been well characterized by previous spectroscopic studies. 

As our project progressed, additional lens fields were added 
to create larger samples of 2- and 4-image lenses, lenses with 
and without observed time delays, and lenses with previous 
redshift surveys near the lens but little or no spectroscopy > 3' 
from the lens. We did retain the redshift criterion zi ens < 0.9 
for every field except PMN 2004 (and, as discussed below, 
this field did not produce a useful sample of redshifts). We 
therefore conclude that while our lens sample is not unbiased, 
it covers the range of fundamental lens parameters. 

Table 1 presents the 28 lens systems. References and de¬ 
tailed information on each system are given in the Appendix. 
The redshifts of the lens galaxies range from 0.1 to 0.9. 
Time delays have been measured for twelve of the lenses 
(HE0435, FBQ0951, HE1104, PG1115, RXJ1131, H1413, 
B1422, SBS1520, B1600, B1608, WFI2033 and HE2149, see 
the Appendix for references). 

Of the 28 lenses, 12 are two-image systems, ten are four- 
image systems, and three have Einstein rings. Three systems 
have more complicated image morphologies: four extended 
images with an Einstein ring (Q0047), two images and a ring 
(MG1131), and a system with possibly two pairs of images of 
two different sources (B2114). Most lens galaxies have early 
type morphologies, with the following exceptions: B1600 
and PMN2004 are lensed by spiral galaxies; the B1152 lens 
galaxy has a late-type spectrum; the MG 1549 and WFI2033 
lenses have SO morphology (MG1549 is barred, an SB0); the 
B1608 lens is a pair of interacting early-type galaxies; and the 
HI413 lens morphology is unknown. 

Previous studies have shown that seven of the lens galax¬ 
ies in this sample are in groups (MG0751, PG1115, B1422, 
B1600, B1608, MG1654 and B2114), and one is in a cluster 
(HST14113). Photometric observations and lens models that 
require large shears have led to suggestions that another ten 
lens galaxies may be in groups (Q0158, HE0435, FBQ0951, 
HE1104, MG1131, RXJ1131, HST12531, H1413, SBS1520 
and WFI2033). Line-of-sight structures have been found 
in the fields of B0712, MG0751, MG1131, and HE2149. 
Photometric observations have suggested such structures in 
FBQ0951 and RXJ1131. 

3. THE DATA 

3.1. Spectroscopic Target Selection 

We obtained deep I and either V or R images of each field 
between May 2002 and lanuary 2006 using the 36' x 36' MO¬ 
SAIC imagers on the 4-meter Cerro-Tololo Inter-American 
Observatory (CTIO) Blanco telescope for the southern fields 
and the 4-m Kitt Peak National Observatory (KPNO) Mayall 
telescope for the northern fields. These images were reduced 
using standard IRAF 8 and SExtractor (Bertin & Arnouts 
1996) routines. For a more detailed description of the pho¬ 
tometric reduction and analysis, see Williams et al. (2006, 

8 IRAF is distributed by the National Optical Astronomy Observatories, 
which are operated by the Association of Universities or Research in Astron¬ 
omy, Inc., under cooperative agreement with the National Science Founda¬ 
tion. 


and in prep.). 

We determined fiber and slitlet placement based on a pri¬ 
oritization scheme that considered observational constraints, 
projected distances of galaxies from the lens galaxy, and 
galaxy colors. For runs at Magellan, our observational con¬ 
straints considered the instrumental setup, including the de¬ 
sired wavelength range, the orientation of the slit mask, and 
the total time a target was observable. Slit mask orientations 
were typically either near the expected parallactic angle or 
at a fixed east-west slit orientation if an atmospheric disper¬ 
sion corrector was in operation (after May 2004 for Magel- 
lan/lMACS). 

As the significance of a mass concentration for a lens model 
depends on the impact parameter, we prioritized slit mask 
centering and slitlet placement around the lens system. In 
early observing runs, slit masks tended to be centered on the 
lens system, while in later observing runs, more effort was 
made to tile a larger region around the lens, although always 
with the lens galaxy in the field so the region within a few ar- 
cminutes of the lens would be more completely covered than 
at larger radii. Within a field, galaxies within 3' of the lens 
always had highest priority, followed by galaxies situated 3'- 
5' from the lens, and then by more distant galaxies. The lim¬ 
iting magnitude for spectroscopic follow-up was I = 21.5 in 
all observing runs prior to Spring 2006 and I = 20.5 for the 
subsequent runs. 

Prioritization also depended on galaxy colors. Evolved 
single-burs models with formation redshift z — 5 were used 
to determine the colors of galaxies as a function of redshift 
(Williams et al. 2006). In cases where a red sequence was 
obvious with a color close to that expected for a single-burst 
population at the lens redshift, galaxies with colors near the 
red sequence were prioritized. These color selection ranges 
were typically broad, including red sequence and blue cloud 
galaxies at the lens redshift. Second priority was given to re¬ 
gions in color space near any other suspected red sequences; 
this weaker priority would also be assigned to colors near an 
expected red sequence at the lens redshift if no red sequence 
was detected around the lens. Lowest priorities were given 
to galaxies of other colors. For spectroscopic runs which oc¬ 
curred prior to the finalization of the red-sequence finding al¬ 
gorithm discussed in Williams et al. (2006), galaxies along 
poorly-populated red sequences were not prioritized. Two ex¬ 
amples of this prioritization scheme used in single observing 
runs are shown in Figure 1. The figure shows color-magnitude 
diagrams (left panels) and color histograms (right panels) for 
the galaxies in the imaged regions around HST12531 (top) 
and Q0158 (bottom). 

In the field of HST 12531, two potential sequences are vis¬ 
ible in the histogram; one near R - I w 0.6 and a second near 
R—I « 1.4. The lens galaxy is in the latter peak but is too faint 
to appear in the plot (I = 21.52, R - I = 1.35 ± 0.04). There¬ 
fore, galaxies with 1.25 < R-1 < 1.55 received highest prior¬ 
ity for slitlet assignment, and those with 0.35 </?-/< 0.85 
were assigned second priority; this latter region was broad¬ 
ened to include several bright galaxies between 3' and 5' from 
the lens. As can be seen in Figure 11m, these prioritized re¬ 
gions correspond to a rich structure at z ~ 0.05 (bluer region) 
and a pair of structures near z ~ 0.66 (redder region). 

The field around Q0158 presents a more problematic case. 
For this field, the first run of spectroscopic observations began 
before the photometric reduction pipeline was finalized. The 
panels in Figure 1 show final photometry, including evidence 
of color concentrations near R - I « 0.5 and R - I « 1.2. 
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TABLE 2 
Observing Runs 


Date 

Instrument 

# of Nights 

# of Masks or Configs 

March 2003 

LDSS-2 

4 

20 

August 2003 

LDSS-2 

4 

IS 

March 2004 

IMACS 

4 

21 

November 2004 

IMACS 

4 

8 

March 2005 

IMACS 

4 

5 

April 2005 

IMACS 

4 (partial) 

16 

September 2005 

LDSS-3 

4 

7 

February 2006 

LDSS-3 

2 

10 

August 2006 

LDSS-3 

2 

9 

September 2006 

LDSS-3 

2 

9 

Spring 2004 

Hectospec 

4 

11 

Fall 2004 

Hectospec 

4 

5 

Spring 2005 

Hectospec 

4 

6 

Summer 2005 

Hectospec 

2 

4 

Spring 2006 

Hectospec 

2 

4 


However, different regions of color space were prioritized in 
the slit masks (shaded regions). This was due to quality con¬ 
trol issues in the initial photometric reduction, which also led 
to a low redshift success rate (Table 5). Later runs covered 
a broader color space. As can be seen in Figure 11a, the re¬ 
sulting galaxy redshift distribution is clearly incomplete, but 
galaxies spanning a wide range of redshifts were still observed 
successfully. 

From these examples, we can see that slit and fiber place¬ 
ment priorities are highly variable in terms of color. The 
breadth of the prioritized colors purposefully covers large 
fractions of color space, in order to include star-forming 
galaxies in groups, although we gain an added benefit of re¬ 
ducing the bias against finding groups with weak/no red se¬ 
quences at a wide range of redshifts. The issue is further com¬ 
plicated by each instrument’s slit mask or fiber configuration 
software, which weighs the assigned priorities differently and 
the observing sequence for each field. We examine the final 
observed completeness as a function of color, magnitude and 
projected distance from the lens in § 4.2. 

3 . 2 . Observations 

We carried out the follow-up spectroscopy using the Mag¬ 
ellan 6.5-meter telescopes for the southern targets and the 
MMT 6.5-meter telescope for the northern targets. B2114 was 
observed with both Magellan and the MMT. We used multi¬ 
object spectrographs that have a field of view > 5' to permit 
uniform coverage out to at least 0.5 Mpc at the lens redshift, 
i.e., a group virial radius, in every pointing. On Magellan, 
we employed the LDSS-2, LDSS-3, and IMACS multi-slit 
spectrographs. On the MMT, we used the Hectospec multi- 
fiber spectrograph. The observations were carried out be¬ 
tween March 2003 and September 2006. Table 2 summarizes 
the observing runs. Table 5 shows a breakdown of the obser¬ 
vations for every field, including the number of masks or fiber 
configurations, N m , used for the field, and the total number of 
slitlets, N s , used or target object fibers, Nf. The relevant de¬ 
tails of the observing setup for each of the four spectrographs 
are described below. 

LDSS-2 (Low Dispersion Survey Spectrograph - 2) is a 
multi-object spectrograph in use on the Magellan II Clay tele¬ 
scope between 2001 and 2004 (Wynne & Worswick 1988; 
Colless et al. 1990). We used the medium blue, 300 lines/mm 
grism blazed at 5000 A, which provides 5.3 A/pixel disper¬ 
sion, and the medium red, 300 1/mm grism blazed at 8000 A, 




Fig. 1.— Color-magnitude diagrams (left) and histogram of galaxy col¬ 
ors (right) for the lens fields HST12531 (top) and Q0158 (bottom). Small 
points indicate the position of all galaxies in the photometric catalog, filled 
triangles are galaxies located between 3' and 5' of the lens galaxy, filled cir¬ 
cles are galaxies located within 3' of the lens galaxy. The Q0158 lens is 
indicated with a star; the HST12531 lens is too faint to appear on the plot 
(21.52). Shaded regions indicate prioritized objects, with darker shading im¬ 
plying higher priority. Slitlet placement for galaxies within 5' of the lens 
galaxy received the highest priority (darkest shaded regions). The histograms 
show the color distribution of galaxies within 5' of the lens (solid line) and 
for the entire field (dashed line, renormalized to the solid histogram). From 
these we see that slitlet priorities cover broad sections of color space, not just 
regions around apparent red sequences. 

which provides 5.1 A/pix dispersion. The field of view of the 
slit masks was 5' X 5'. The slit widths were 0.9", giving a res¬ 
olution of ~ 15A. Observations were carried out during two 
observing runs in 2003 March and 2003 August. A total of 38 
masks containing 858 slitlets were observed. These data were 
first presented in Momcheva et al. (2006) but are re-analyzed 
here. 

IMACS (Inamori-Magellan Areal Camera and Spectro¬ 
graph) is a wide-held camera and spectrograph on the Mag¬ 
ellan I Baade telescope (Bigelow et al. 1998). Data were ob¬ 
tained during four observing runs: 2004 March, 2004 Novem¬ 
ber, 2005 March and 2005 April. We were among the first 
users of IMACS after its commissioning and saw gradual im¬ 
provements in the instrument performance throughout 2004 
and 2005. We used the f/2 Short Camera, which has a 27' di¬ 
ameter held of view, combined with the 200 lines/mm grating, 
which provides 2.037 A/pixel dispersion and 10 A resolution. 
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During the 2005 March observing run, the 300 lines/mm grat¬ 
ing was used instead, giving a 1.34 A/pixel dispersion and a 5 
A resolution. We used slitlet widths of 0.9". The wavelength 
coverage is 4000 to 9000 A for the data from the 2004 March 
and 2004 November runs and 5000 to 8000 A for the 2005 
March and 2005 April observing runs, when the WB4800 fil¬ 
ter was used to remove first order contamination. A total of 
50 masks and 10,713 slitlets were observed. 

LDSS-3 (Low Dispersion Survey Spectrograph - 3) is an 
upgraded version of LDSS-2 with larger field of view (8.3' di¬ 
ameter) and higher throughput installed on Magellan II Clay 
in 2005. We used the VPH-Blue grating, which has 1019 
lines/mm and provides dispersion of 0.682 A/pixel at 5200 
A, which gives a spectral resolution of 2.1 K. We used 0.9" 
slitlets. We chose this grism to achieve sensitivity in the 4500 
to 6500 A interval where we expected to find the 4000 A break 
for targets between redshifts of 0.125 and 0.625. However, a 
shortcoming of this setup was that the spectra only span 2550 
A. Data were taken during four observing runs: 2005 Septem¬ 
ber, 2006 February, 2006 August, and 2006 September. A 
total of 35 masks containing 597 slitlets were observed. 

Hectospec is a multi-object optical spectrograph fed by 300 
fibers on the MMT (Fabricant et al. 2005). Data were obtained 
in queue scheduling mode during five observing trimesters: 
2004 Spring and Fall, 2005 Spring and Summer, and 2006 
Spring. We used the 270 lines/mm grating, blazed at 5000 
A resulting in 1.21 A/pixel dispersion and spectral coverage 
of 4000 to 9770 A. Each fiber subtends 1.5", which gives a 
spectral resolution of 6 A. 29 different fiber configurations 
were observed and a total of 7036 objects were targeted. 

3 . 3 . Data Reduction 

All data were reduced using standard methods and em¬ 
ployed instrument-specific, publicly-available reduction soft¬ 
ware whenever possible. Here we provide a brief description 
of the main reduction steps. 

The data obtained with LDSS-2 were previously presented 
in Momcheva et al. (2006). In this paper, we use the previous 
IRAF reduction and extraction but redo the flux calibration 
and redshift determination. 

The data obtained with LDSS-3 and IMACS were all re¬ 
duced using the COSMOS data reduction package (Oemler 
et al. 2008). COSMOS relies on a detailed optical model of 
the spectrograph that allows for an accurate prediction of the 
positions of the spectral features on the detector. The reduc¬ 
tion proceeds in the following steps: (1) alignment of the slit 
mask relative to the focal plane based on several bright and 
isolated comparison arc lines; (2) perfection of the alignment 
using one or more comparison arc images (we chose to fit the 
offsets along the slit and along the wavelength direction with 
first and second order polynomials, respectively); (3) image 
reduction, which includes bias subtraction, flat-fielding, and 
two-dimensional sky-subtraction (Kelson 2003); (4) extrac¬ 
tion of the two-dimensional spectra; and (5) co-addition of 
the separate images with cosmic ray removal; (6) extraction 
of 1-dimensional spectra; (7) heliocentric velocity correction; 
(8) redshift determination. 

We extracted the 1-dimensional spectra using a procedure 
written by A. Marble (personal communication), which im¬ 
plements an optimal extraction method similar to that de¬ 
scribed by Horne (1986). We fit a polynomial of order one 
(for IMACS) or two (LDSS-3) to the flux-weighted center of 


the spatial profile along the wavelength axis. The spatial pro¬ 
file is fit by a spline curve and the profile values are weighted 
by their propagated variance. 

There are two caveats in applying an optimal extraction al¬ 
gorithm to spectra of galaxies. First, optimal extraction is pri¬ 
marily intended for point sources. However, our routine does 
not assume that the spatial profile is gaussian, and the spline 
fits to the spatial profiles of the galaxies (which subtend 1" 
to 2") are excellent. Second, the optimal extraction algorithm 
assumes that the spectral signature is constant for all illumi¬ 
nated rows. This is generally true for the continuum light, 
but may not be true for emission lines, which can have differ¬ 
ent spatial profiles and, occasionally, resolved rotation curves. 
The weighting used by the optimal extraction may lead to 
bulge dominated spectra. For that reason, we also extract a 
traced but non-weighted spectrum of each object. The opti¬ 
mally extracted spectra, which have slightly higher signal-to- 
noise, are used for determining redshifts. The non-optimally 
extracted spectra, paired with the redshifts determined from 
the optimally-extracted counterparts, will be used for all other 
applications. 

The Hectospec data are reduced using HSRED 9 , an IDL re¬ 
duction package based on the SDSS spectroscopic pipeline 
(Stoughton et al. 2002; Kochanek et al. 2007; Cool et al. 
2008). For every observing night, a bias, a dome-flat, a sky- 
flat, and a combined arc frame are produced by combining all 
relevant images taken over the course of the night. The uni¬ 
formly illuminated dome flats are used to take out the high- 
frequency flat-field variations and fringing, while the twilight 
sky flats (when available) provide a correction for the low- 
frequency fiber-to-fiber variations. The comparison arc lamp 
spectra are extracted and the centroids of the lines are mea¬ 
sured and fit with a fifth order Legendre polynomial. After 
the bias subtraction, the object and sky fibers in each science 
exposure are traced with tweaking from the flat-field trace and 
optimally extracted. The extracted spectra are flat-fielded, and 
wavelength calibrated with slight tweaking to match the po¬ 
sitions of selected skylines. Heliocentric velocity corrections 
are applied to the wavelength solution. An over-sampled su¬ 
persky vector is constructed using the sky fibers. For each ob¬ 
ject fiber, the sky is re-sampled at every pixel and subtracted 
from the object spectrum. Finally, all exposures done with the 
same fiber configuration are co-added. 

3 . 4 . Flux Calibrations 

The instrument response must be removed from the object 
spectra before applying the cross-correlation routine to deter¬ 
mine the redshifts. For the purpose of the work presented 
here, absolute fluxing is not required. 

Spectra of spectrophotometric standards were not taken 
during every night of the LDSS-2 2003 March and Septem¬ 
ber runs. Only one spectrum of the spectrophotometric stan¬ 
dard star CD-32 9927 was taken during the two runs (in 
March 2003). All LDSS-2 data were fluxed using this spec¬ 
trum. During the IMACS and LDSS-3 observations, we took 
spectra of at least one spectrophotometric standard star dur¬ 
ing each observing night. We use the standards taken dur¬ 
ing the night of the observations to flux the spectra, with the 
exception of the February 2006 LDSS-3 run. For this run, 
we use the sensitivity curves from the August 2006 run in¬ 
stead, when the same instrument setup was used. The stan¬ 
dard star spectra are reduced and extracted in the same man- 

9 http://mmto.org/-rcool/hsred/ 
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ner as the spectra of the science objects, corrected for atmo¬ 
spheric extinction (using the standard IRAF CTIO extinction 
curve), and used to produce a sensitivity function for the night 
using noao.onedspec.calibrate and noao.onedspec.sensfunc in 
IRAF. Multiple standard star observations on a given night are 
averaged to produce a single average response function. The 
sensitivity function is applied to the spectra to convert them to 
units of/). The fluxing is not absolute because we do not cor¬ 
rect for slit losses in either the standard or the science spectra. 

We did not observe F stars along with our scientific tar¬ 
gets (Papovich et al. 2006; Cool 2006), nor did the Hectospec 
operation provide for taking standard star spectra during the 
night in any other way. We therefore choose to “pseudoflux” 
our spectra by applying an average flux vector derived from 
the AGES observations of F-stars over several observing runs 
(Cool 2006). No extinction correction is applied. This method 
is adequate for our purposes as it removes the instrumental 
signature in the spectra. Again, the flux calibration is relative. 

3.5. Redshift Determination 

For LDSS-3, IMACS, and Hectospec, we determine red- 
shifts using a routine based on the SDSS redshift-finding al¬ 
gorithm (Cool et al. 2008). The redshifts for the spectra taken 
with LDSS-2 were already measured as part of Momcheva et 
al. (2006). However, for consistency, here we re-determine all 
LDSS-2 redshifts in the same manner as for LDSS-3, IMACS 
and Hectospec. The Cool et al. (2008) routine uses y 2 min¬ 
imization to compare each object spectrum to a library of 
galaxy and QSO model templates that are linear combinations 
of eigenspectra, as well as to a library of stellar spectra. Each 
template is shifted through a range of redshifts and a^ 2 is cal¬ 
culated. The minimum y 2 yields the object redshift, a spec¬ 
tral classification from the best fit template, and a flag for the 
quality of the fit. 

Each redshift was visually inspected to eliminate obvi¬ 
ous failures. All IMACS and LDSS-3 sky-subtracted, two- 
dimensional spectra were also visually inspected alongside 
the redshift inspection to insure that the spectral features are 
real. Spectra that did not yield redshifts were flagged and 
discarded. Spectra for which the redshift was not convinc¬ 
ing (~ 7.5% of all spectra) were flagged and further inspected 
by a second person. Finally, for some spectra, the routine 
failed to yield a correct redshift measurement, typically due to 
misidentification of poorly subtracted sky-lines with emission 
lines or to misidentification of breaks. In these cases, we ex¬ 
amined not only the lowest^ 2 , but the lowest ten y 1 templates. 
If none of these yielded a correct redshift measurement, the 
spectrum is also flagged and we do not attempt to obtain cor¬ 
rect redshifts for the object. In total, we have obtained 410 
redshifts with LDSS-3,4451 redshifts with IMACS, and 4743 
redshifts with Hectospec. Table 5 details the number of red¬ 
shifts N : in the individual fields. 

The old and new LDSS-2 redshift measurements are con¬ 
sistent with each other but for a small systematic offset (~ 
100 km s 1 ). The new LDSS-2 redshift measurements are 
more consistent with those from other instruments for the 
same galaxies. Thus we use the new redshift measurements 
throughout this paper. A total of 340 redshifts are added from 
LDSS-2. For 18 of the LDSS-2 objects, we could not re¬ 
cover the redshift from Momcheva et al. (2006). The coor¬ 
dinates, photometric properties and original LDSS-2 redshifts 
for these objects are listed in Table 3. Most were not recov¬ 
ered because the low signal-to-noise and poor quality of the 
spectra prevented any of the template fits from yielding a be- 


TABLE 3 

LDSS-2 Redshifts Not Included in the Current Redshift Catalog 


Field 

ID 

RA 

[J2000] 

Dec 

[J2000] 

d 

['] 

z b 

Zerr 

MG0751 

9809 

07.85839 

+27.24532 

3.10 

0.56066 

8.0E-05 


8385 

07.86227 

+27.27772 

0.61 

0.37507 

6.6E-04 


9606 

07.85897 

+27.21637 

4.10 

0.35677 

3.2E-04 

PG1115 

11240 

11.30232 

+07.72276 

3.37 

0.31095 

3.5E-04 

B1422 

14140 

14.40848 

+22.92461 

1.82 

0.06195 

2.1E-04 


11479 

14.41359 

+22.92659 

2.53 

0.35796 

3.5E-04 

MG1654 

16977 

16.91175 

+ 13.83011 

3.45 

0.44661 

4.7E-04 


19266 

16.91498 

+ 13.78022 

2.98 

0.12443 

5.5E-04 

PMN2004 

00001“ 

20.06752 

-13.81756 

1.60 

0.50824 

2.5E-04 


00002“ 

20.07425 

-13.81511 

4.38 

0.23134 

4.0E-04 


21081 

20.07356 

-13.80754 

3.89 

0.45221 

7.6E-05 


00003“ 

20.06358 

-13.77533 

5.81 

0.44997 

3.8E-04 

B2114 

8228 

21.27930 

+02.40109 

2.17 

0.30624 

3.8E-04 


10686 

21.28443 

+02.45915 

3.73 

0.45850 

5.0E-04 

HE2149 

8733 

21.87054 

-27.52074 

1.55 

0.20430 

2.6E-04 


7534 

21.86752 

-27.51397 

1.38 

0.46437 

7.7E-04 


6742 

21.86554 

-27.49273 

3.41 

0.25014 

2.5E-04 


7976 

21.86867 

-27.52636 

0.25 

0.27707 

7.9E-04 


“ Objects which are not in our final photometric catalog. 
b These redshifts were previously published in Momcheva et al. (2006). We 
recommend that readers do not use them. 


lievable redshift. Four of these objects are potential group 
members based on our follow-up group catalogs. However, 
three of these groups have at least 10 members so the effect 
of removing the redshifts from the catalog is not significant. 
The objects in Table 3 are not included in the current redshift 
catalog, and we recommend that readers do not use these red¬ 
shifts. 

Our success rate at obtaining redshifts, i.e., the ratio of red¬ 
shifts obtained to objects targeted, varies with observing run. 
The overall success rate by instrument is 44% for LDSS-2, 
68% for LDSS-3, 42% for IMACS and 67% for Hectospec. 
The IMACS success rate is heavily influenced by the first two 
runs, prior to improvements in the instrument; 34% for 2004 
March and 35% for 2004 November (the latter was further 
worsened by poor weather). The IMACS success rate went 
up to 61% during our last run in 2005 April. The LDSS-3 
success rate shows less run-to-run variation; the best (75%) 
was the 2006 August run, which had excellent conditions and 
0.5" seeing, and the worst (59%) was the September 2006 
run, which was marked by variable conditions and sub-par 
seeing (> 1"). Hectospec delivered a gradually improving 
success rate as the instrument and our observing strategies im¬ 
proved, starting with 58% in 2004 Fall and going up to 79% 
for 2005 Summer. The overall success rate for our observa¬ 
tions is 52%; we positioned 19212 slits and fibers and ob¬ 
tained 10044 redshifts, including 276 repeated measurements 
of the same object (§ 3.7). In the end, we have determined 
redshifts for a total of 9768 unique objects. 

3.6. Additional Redshifts 

In addition to the redshifts from our observations, we also 
collect redshifts from the literature. The main goal of adding 
these objects to the spectroscopic catalogs is to increase the 
membership of small/undersampled structures. We query the 
NASA/IPAC Extragalactic Database (NED) for galaxies with 
spectroscopically measured redshifts within a 20' radius of 
each field center and match the NED redshift to both our spec¬ 
troscopic and photometric catalogs. The objects matched to 
our spectroscopic catalog are used for estimating the external 
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Fig. 2. — Comparison of repeated redshift measurements taken with the same instrument. We show Az = zi — Z 2 as a function of /-band magnitude (first 
column), mean S/N of the spectrum (second column), and mean redshift (third column). We also show the overall Az distribution (rightmost panel). No repeat 
redshifts were measured with LDSS-3. The IMACS-IMACS and Hectospec-Hectospec distributions above are generally symmetric about zero. We conclude that 
no systematic errors are being introduced by merging data-sets from different observing runs with the same instrument. Table 4 lists median Az and cr^ z for these 
distributions. 


redshift errors (see § 4). Objects that do not have counterparts 
in our spectroscopic catalog are added to the spectroscopic 
catalogs. We do not add objects not present in our photomet¬ 
ric catalogs, as these are typically high-redshift and/or low- 
luminosity galaxies. NED objects without published redshift 
errors (~ 10 objects) are not included either. In total, we add 
redshifts for 870 objects in 27 fields with a median redshift 
z — 0.43. The cross-matching with NED was done in 2013 
November and includes any redshifts from SDSS and 2dfGRS 
in these fields. 

The number of redshifts added to each field is given in 
Table 5. Notably, we add 240 redshifts to in the field of 
H12531, which contains a z = 1.237 supercluster (Demarco 
et al. 2007). Of these, 113 galaxies are at z > 1. We 
also add 133 objects in the field of PG1115, which contains 
the RXJ1117.4+0743 cluster at z = 0.485. In the field of 
HST14113, which includes the 3C 295 cluster at z = 0.46 
(Dressier & Gunn 1992; Thimm et al. 1994), we identify 108 
objects with NED redshifts. However 72 of these objects have 
redshift errors Az > 0.001, potentially introducing signifi¬ 
cant uncertainties in the derived properties of structures in the 
field. Thus only 36 of these redshifts are added to the catalog. 

The NED redshifts we add are flagged and will be treated 
differently throughout our analysis; they are not included in 
the completeness estimates or used in the assessment of the 
spectroscopic properties of individual galaxies. 

Auger et al. (2008) measure redshifts for 28 objects be¬ 
tween z = 0.71 and 0.83 in the field of SBS1520. These 
redshifts are not included in NED, but, due to their impor¬ 
tance in characterizing the environment of the lens, we add 26 
of the 28 to our catalog. Of the remaining two, one is already 
in our catalog (ID=10411) and the other is the lens galaxy. 
The lens galaxy redshift is uncertain and is not added to the 


catalog (see Appendix). Errors of Az = 0.0004 are assigned 
to these redshifts, as suggested by the authors. These redshifts 
are treated in the same manner as the NED redshifts. 

3.7. Systematic Redshift Errors 

The data presented in this paper were taken during 15 ob¬ 
serving runs over a period of four years. 14 of the fields were 
observed during more than one run and 13 of the fields were 
observed with more than one instrument. Despite our efforts 
to minimize any possible systematics by reducing all data in 
a uniform manner, some systematics may still be present. In 
this section we consider three possible sources of systematic 
errors: (1) systematic offset of the zero point of the redshift 
determination; (2) systematic offsets between redshifts mea¬ 
sured with the same instrument during different observing 
nights/runs, i.e., the intra-instrument errors; and (3) system¬ 
atic offsets between redshifts measured with different instru¬ 
ments, i.e., inter-instrument errors. 

Due to errors in the wavelength calibration and/or instru¬ 
ment and telescope flexure that cannot be removed during the 
reduction, the wavelength calibrations of the spectra may be 
offset from rest. In addition, the zero point may change be¬ 
tween masks, fiber configurations, nights and runs. We es¬ 
timate the redshift zero points by measuring the velocities 
of the night sky lines in each spectrum. In Momcheva et 
al. (2006), we found that no correction is necessary for the 
LDSS-2 redshifts based on zeropoints determined from sky¬ 
lines and serendipitous stars. For the rest of the data, we ex¬ 
tract the sky spectra in the same manner as the science target 
spectra. For Hectospec, the distribution of the sky spectra ve¬ 
locities is consistent with zero. For IMACS and LDSS-3, the 
zero points vary from mask to mask, and we apply a correc¬ 
tion equal to the median zero point offset on a per mask basis. 
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Fig. 3. — Comparison of repeated redshift measurements taken with different instruments. We show Az = zi - Zi as a function of /-band magnitude (first 
column), mean S/N of the spectrum (second column), mean redshift (third column), and the overall Az distribution (rightmost column). Table 4 lists the median 
Az and the cr^ for these distributions. In all cases, the distributions are consistent with zero within lcr. We conclude that there are no systematic offsets among 
the data sets taken with different instruments. 


We compare repeated redshift measurements from spectra 
taken during different observing runs to assess measurement 
errors. Some objects were observed repeatedly during differ¬ 
ent observing runs because the first observation did not yield 
a satisfactory S/N. However for 254 of these targets, we were 
able to obtain more than one redshift measurement. They 
were compared after making the zeropoint corrections above. 

The intra-instrument errors are the variations among ob¬ 
servations with one instrument on different nights or differ¬ 
ent runs. Figure 2 and Table 4 present the comparison or 
repeat redshift measurements obtained with the same instru¬ 
ment. The mean differences are consistent with zero. Thus 
we conclude that no systematic errors will be introduced as a 
result of combining data from different observing runs. 

The rms dispersion of these repeated redshift measurements 
allow us to compare our results to those of larger surveys 
carried with the same instruments and the same instrumen¬ 
tal setups. The Arizona CDFS Environmental Survey (ACES, 


Cooper et al. 2012), carried out with IMACS, finds a disper¬ 
sion of cr z c ~ 75km s 1 based on 2438 pairs of repeat red¬ 
shift measurements. Our value is <x,c ~ 92km s _1 (<x z - 
3.06e - 04) based on 136 repeat measurements. The Smithso¬ 
nian Hectospec Lensing Survey (SHELS, Geller et al. 2014) 
find scatter of <x(Az/(l + z))c = 48km s _1 for 1651 pairs of 
absorption-line objects and 24 km s 1 for 238 pairs of emis¬ 
sion line objects. The scatter of our sample of 13 objects (both 
emission- and absorption-line), normalized by (1 + z), is 54 
km s -1 . In both cases our scatter is ~ 25% larger. This dif¬ 
ference is likely accounted for by differences in depth, S/N, 
balance between absorption and emission line objects and our 
smaller sample size. 

The inter-instrument errors are the potential systematic 
variations from instrument to instrument. Figure 3 and Table 
4 present the number of objects in common for each instru¬ 
ment combination as well as the median and standard devia¬ 
tion of the redshift measurement differences. In all cases, the 
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Therefore the addition of redshifts from NED to our redshift catalogs does not introduce systematic errors. 


median difference between repeat measurements is consistent 
with zero within the standard deviation. 

Both the inter- and the intra-instrument dispersions in red¬ 
shift measurements are an order of magnitude higher than the 
errors produced by our formal fitting procedure. We use our 
findings here to define better errors in Section 4. 

To perform an external cross-check on our redshifts, we 
compare them to redshift measurements found in NED. Fig¬ 
ure 4 and Table 4 show the distribution of redshift measure¬ 
ment differences between our spectroscopic catalog and NED 
as a function of magnitude, S/N, and redshift. The distribu¬ 
tion is broad, as expected from the heterogeneity of the sam¬ 
ple, but the mean is small (cz = 52 ± 290 km s '). We con¬ 
clude that, in comparison to redshifts in the literature, our red¬ 
shift catalog has no significant systematic errors. One of our 
redshifts is clearly wrong; object 9136 in the PG1115 field 
is misidentified as a star in our spectroscopy, while it is a 
Z = 0.14 galaxy in NED. Visual inspection of the image con¬ 
firms that the object is extended and the coordinate match is 
correct. The failure is due to a wrong redshift generated by 
the automated fitting and not caught in the follow-up visual 
inspection. Based on this literature comparison, we conclude 
that our catastrophic failure rate is ~ 0.54% (1 failure out of 
186 matches). Assuming this rate is correct, we may expect 
~ 50 such failures in the entire survey. No catastrophic out¬ 
liers are found internally because conflicts between repeated 
redshift measurements for objects with multiple observations 
were resolved by the visual inspection of the spectra. 

4. REDSHIFT CATALOG 

Table 6 presents the spectroscopic catalog in the field of 
Q0047 as an example. For each entry, we give the catalog 
number, J2000.0 coordinates in degrees calibrated to USNO- 
B2.0, projected distance to the lens in arc-minutes, redshift z, 
and redshift error 6z. The positional errors are ~ 072 based on 
the scatter in the positions of stars in USNO-B2.0 and our cat¬ 
alog. We do not include photometry (magnitudes and colors), 
as these will be published later. We provide a spectroscopic 
flag with the following values: Flag=l for objects with red¬ 
shifts that are not in our final photometric catalog; Flag=2 for 
data obtained with LDSS-2; Flag=3 for data obtained with 
LDSS-3; Flag =4 for data obtained with IMACS; Flag=5 for 
data obtained with Hectospec; Flag=6 for NED objects.. The 
spectroscopic redshifts of the lens galaxy and source are listed 
first in each field (where available). Following them, galax¬ 
ies are ordered within each field by ascending order of RA. 
Serendipitously observed stars are included at the end of the 
redshift catalog for each field for completeness, but radial ve¬ 
locities for them are not included. Finally, objects from NED 
are listed. 


Two of the fields in our sample, B1608 and PMN2004, 
have only limited spectroscopic observations (a single mask 
for B1608) and therefore very low completeness. The spec¬ 
troscopic catalog includes 106 new redshifts in the field of 
B1608. Redshifts in the field of PMN2004 have already been 
published in Momcheva et al. (2006), but we update them 
here. Due to the sparse coverage, these fields will not be 
considered in the completeness discussion in § 4.2. We warn 
users of this catalog that there are insufficient data to obtain 
meaningful constraints on the environments for these lenses. 

The final spectroscopic catalog includes 9768 unique red¬ 
shift measurements. The projected positions on the sky of of 
these objects relative to the objects in the photometric cata¬ 
log (I < 21.5) are presented in Figures 5a and 5b. As de¬ 
signed, the objects in the spectroscopic catalogs are concen¬ 
trated around the lens galaxy but extend over the full field for 
most lenses. The completeness as a function of radius is ex¬ 
amined in § 4.2. Spatial distributions for objects from NED 
are shown in Figures 10a and 10b in the Appendix. 

The redshift distribution of the galaxies in the catalog is 
shown in Figure 6. The median redshift for this sample is 
Zmed = 0.360 (stars excluded) and 82.4% (8045) of the ob¬ 
jects are between z = 0.1 and z. = 0.7. There are 622 objects 
(6.5% of the sample) at z > 0.7 and only 30 objects (0.3%) at 
z > 1.0. Serendipitously observed stars represent 6.0% of the 
sample or 646 objects. Including the objects from NED, the 
size of the final catalog is 10638 unique stars and galaxies. 
NED contributes a large fraction of the high redshift galax¬ 
ies, adding 192 objects at z > 1. The median redshift for the 
full catalog (stars excluded) is z = 0.361, and 79.4% of all 
galaxies are between z — 0.1 and z = 0.7. 

To illustrate the data, in Figure 7 we present the redshift dis¬ 
tribution of galaxies in the field of Q0047. The top two panels 
show the projection of this distribution in Right Ascension 
and Declination as a function of redshift. The opening angle 
of the beams (0.5 degrees) is exaggerated in this projection, 
which causes structures to be stretched perpendicular to the 
redshift direction but makes them easier to see. The diverging 
horizontal lines indicate angular distances of 5' and 15' from 
the center of the field. The bottom panel shows the redshift 
histogram. The vertical dashed line shows the spectroscopic 
redshift of the lens galaxy. Analogous figures for the remain¬ 
ing 27 fields are shown in Figure 11 in the Appendix. 

4.1. Redshift Uncertainties 

The redshift errors in our catalog deserve separate attention. 
The errors output by the cross-correlation routine, which rely 
only on the goodness of fit, underestimate the true errors in the 
redshift measurements, because the scatter in Az = zi - Zi for 
objects with repeated redshift measurements is much greater 
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HE1104 


MG1131 


H1413 


Fig. 5a.— Projected distributions of the objects in the final spectroscopic catalog (black points) relative to the objects in the full photometric catalog down to 
I = 21.5 (gray points). The positions of objects are in arcminutes relative to the lens galaxy (black cross). The areas without photometric coverage in the fields 
of Q0047, Q0158, HE0435, Q1017, RXJ1131, and B1608 are due to dead CCDs in the MOSAIC imager. The images in the B2114 field were dithered with too 
small of a step which causes the blank stripes between the detectors. Objects added from literature are not included in this plot. For the spatial distribution of 
those objects, see Figures 10a and 10b at the end of the paper. 
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Fig. 5b.— Continued from Figure 5a. 



Fig. 6. — Redshift distribution of the galaxies in the final spectroscopic 
redshift catalogs. The relative contributions from the R - / and V —I samples 
are shown in light and dark gray, respectively. The redshift distributions are 
qualitatively similar, with medians z = 0.370 (R - I) and z = 0.366 (V - I). 

than the typical output redshift errors. We use the scatter in Az 
to estimate the true redshift errors. Figures 2 and 3 show that 
high S/N spectra yield more accurate redshift measurements. 
Objects with strong emission lines also exhibit lower Az scat¬ 
ter. Because of its large size, we use the IMACS-IMACS 
sample in Figure 2 to estimate the magnitude of the errors as 
a function of emission line strength. We fit the fluxed spectra 
with stellar population models, subtract the continuum fit, and 
measure the equivalent widths (EW) of five prominent emis¬ 
sion lines: 011 [3727], H[/f], OIII 4959, OIII 5007 and H[a] 
(Tremonti et al. 2004). We split the galaxy sample into three 
sub-samples: (1) galaxies with at least two lines, each with 
EW > 10 A and S/N in both emission lines greater than 3, 
(2) galaxies with only one emission line with EW > 10 A and 
S/N > 3, and (3) galaxies without any of these lines under the 
imposed requirements. We further split each sub-sample into 


TABLE 4 

Redshift Comparisons For Objects With Multiple 
Observations 


Instruments N match N fiM \Az,„ed\ cr/^ 


Intra-instrument comparison 


LDSS-2-LDSS-2 

1 

1 



LDSS-3-LDSS-3 

0 

0 



IMACS-IMACS 

136 

3 

9.450e-6 

3.063e-4 

Hecto-Hecto 

13 

2 

1.644e-4 

2.905e-4 

Inter-instrument 

comparison 


LDSS-2-LDSS-3 

6 

3 

1.173e-4 

4.622e-4 

LDSS-2-IMACS 

3 

2 

6.440e-4 

5.244e-4 

LDSS-2-Hecto 

11 

1 

1.500e-4 

5.008e-4 

LDSS-3-IMACS 

65 

7 

1.710e-5 

6.887e-4 

LDSS-3-Hecto 

7 

1 

1.050e-4 

2.267e-4 

IMACS-Hecto 

0 

0 




External 

comparison 


NED-This work 

167 

18 

1.739e-4 

9.674e-4 


three bins by mean continuum S/N and determine the standard 
deviation in Az in each of the resulting nine bins. We divide 
the standard deviations by V2 to account for the fact that Az 
is based on two redshifts. We use these results, listed in Ta¬ 
ble 7, to apply error-bars to our redshift catalog. The overall 
scatter in Table 4 for all instrument combinations is similar. 
We apply the errors from Table 7 to all spectra obtained with 
IMACS, Hectospec, and LDSS-3. The cross-correlation er¬ 
rors are not added in quadrature because they are an order of 
magnitude smaller. 

The fluxing of the LDSS-2 spectra did not have sufficient 
accuracy for them to be fit with stellar population models. 
Only one standard star was observed during the course of 
the two observing runs and, while this was sufficient to re¬ 
move the overall instrument response, large deviations remain 
in the continuum precluded us from measuring line fluxes. 
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Q 0047-2808 



Fig. 7.— Galaxy redshift distribution in the field of Q0047. The top two panels show the redshift distributions of galaxies projected in RA (top) and Dec 
(middle) in units of proper Mpc from the center of the field. This projection exaggerates the opening angle of the beam (30'), which causes structures to be 
stretched perpendicular to the redshift direction but makes them easier to see. The horizontal lines represent linear separations of 5' (inner two lines) and 15' 
(outer lines) from the center of the field. The bottom panel shows the distribution in the form of a histogram with a binsize of 6z = 0.001. The vertical dashed line 
indicates the spectroscopic redshift of the lens galaxy. The histogram includes all galaxies with spectroscopic redshifts. The analogous figures for the remaining 
27 fields are shown in Figure 11. 


We assign redshift errors based on the spectrum S/N from 
the “full sample” values in Table 7. The majority of LDSS- 
2 spectra have S/N< 5 and their corresponding errors are 
cr. = 3.6 X 10 4 , consistent with the RVSAO errors in Mom¬ 
cheva et al. (2006). 

Finally, for the redshifts added from NED, we use their pub¬ 
lished errors. In summary, the redshift errors are generally 
cAz < 100 km s~'or A z < 3.33 x 10~ 4 . 

4.2. Completeness 

In this section we consider the completeness of the obser¬ 
vations and their success rate. For this purpose, we compare 
the contents of three different catalogs: the master galaxy 
photometric catalog, the catalog of targeted objects and the 
list of objects with successful spectroscopic redshifts. Some 
targeted galaxies with measured redshifts are excluded from 
the completeness analysis in Figures 8, 9a and 9b because 
of poor photometry, usually due to defects in the detector or 
bleed trails from nearby stars (~ 265 objects or ~ 2.6% of all 
redshifts). In addition, objects classified as “unresolved” in 
the final photometric catalogs (such as stars, compact galax¬ 
ies, QSOs) are also excluded from the completeness analysis 
(~ 250 objects or 2.4% of all redshifts). Figures 8, 9a and 9b 
also do not include the 964 objects from NED. 

Figure 8 demonstrates the distributions of objects in the 
spectroscopic, targeted and master photometric catalogs as 
a function of magnitude (first and third columns) and color 
(I < 22.0, second and fourth columns), with only R - I colors 
(left two columns) and only V -1 colors (right two columns). 
The top row of panels show the direct object distributions. 
The magnitude distribution of the spectroscopic catalog qual¬ 
itatively mirrors the distribution of the photometric catalog 
down to I = 20.0. The color distributions of the galaxies 
in the three catalogs are also qualitatively similar, although 
discrepancies appear at the red and blue ends. Very red and 
very blue galaxies were targeted at lower priority because they 
were likely to be at too high or too low redshift relative to the 


lens plane. 

The bottom row of Figure 8 shows the targeted complete¬ 
ness (dark grey) and the spectroscopic success rate (light 
grey). We define the targeted completeness as the fraction of 
galaxies from the full photometric catalog on which we placed 
slits/fibers and the spectroscopic success rate as the fraction 
of galaxies from the targeted catalog for which we have mea¬ 
sured redshifts. The targeted completeness as a function of 
magnitude is uniformly ~ 20% down to I = 20 for the R - I 
sample and then slowly decreases. The targeted completeness 
as a function of magnitude for the V - I sample is higher: 
70% at I < 16 and between 30 and 40% down to I — 20. 
This higher completeness is due to the fact that the six V - I 
fields were typically observed during multiple observing runs 
(as many as six runs for MG 1654). Fainter than I = 20, the 
targeted completeness decreases as we approach the observed 
limiting magnitude. The targeted completeness as function of 
color (for I < 22.0) is lower at the blue and red ends of the 
color distributions for both samples. This is a reflection of the 
targeting priorities, which gave higher weight to targets with 
colors similar to suspected red sequences, therefore avoiding 
galaxies with very blue and very red colors which are at very 
low or high redshift, respectively. 

The success rates for obtaining spectroscopic redshifts (Fig¬ 
ure 8, bottom row, light gray histograms, first and third panel) 
as a function of magnitude is 80% down to I = 19, decreases 
to 60% at I — 20 and declines further to 40% at I = 21, 
demonstrating the increasing difficulty of acquiring redshifts 
at fainter magnitudes. The success rate as a function of color 
(light gray histograms, second and fourth panel, bottom row 
of Figure 8) is ~ 60% at the blue end of the color distribu¬ 
tion and progressively decreases towards the red end. Such a 
difference is likely to arise from our differing ability to obtain 
redshifts for different types of galaxies. We are more suc¬ 
cessful at measuring redshifts for objects with strong emis¬ 
sion lines (which tend to be blue), than for objects with only 
continuum spectra (which tend to be red). 
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Fig. 8.— Top row: Distribution of the galaxies in the photometric (dashed line), the target (dotted line), and the final spectroscopic redshift (solid line) catalogs 
as a function of magnitude (first and third column), and color (second and fourth column). The left two columns shows the fields with R - 1 color and the right 
two columns shows the fields with V - I color. The magnitude distributions of the spectroscopic catalogs mirror the distributions of the photometric catalogs 
well down to I = 20.0. The color distributions of the galaxies in the three catalogs (bottom row) are also qualitatively similar, although discrepancies appear at 
the blue and the red end. Bottom row: Targeted completeness (dark grey) and spectroscopic success rate (light gray) histograms as a function of magnitude and 
color. The distributions in the bottom row are constructed as ratios of the distributions in the top row. Error bars reflect the Poisson errors in each bin. The error 
bars are slightly offset from the centers of the bins for clarity. 


We now look at the spectroscopic catalog on a field-by-field 
basis. For each of the 26 fields. Figures 9a and 9b present 
the completeness of the spectroscopic (shaded histogram) and 
targeted (open histogram) catalogs. The targeted complete¬ 
ness is defined as above. The spectroscopic completeness is 
defined as the fraction of galaxies from the full photometric 
catalog for which we have measured redshifts. The general 
level of completeness varies from field to field as a result of 
our variable sampling. Fields that have been observed sev¬ 
eral times and for which we have obtained high quality data 
are better sampled. Here we explore whether any biases have 
been introduced in our sample as a result of the variable com¬ 
pleteness. 

For each field the first columns of Figures 9a and 9b show 
the targeted and the spectroscopic completeness as a function 
of I magnitude within 5' of the lens. We reach a relatively 
constant > 40% completeness down to / = 20.5 in Q0047, 
HE0435, MG0751, FBQ0951, BRI0952, PG1115, RXJ1131, 
B1152, B1422, MG 1654, and B2114. Most fields show 
a clear trend with decreasing completeness towards fainter 
magnitudes; however, for Q0158, B0712, BRI0952, Q1017, 
MG1131, H12531 and HE2149 these distributions are rather 
flat, indicating that completeness is low even at fairly bright 
magnitudes. The completeness is generally lower for fields 
that were targeted only during one observing run. If groups 
are identified in these fields, further follow-up may be benefi¬ 
cial to determine the properties of such structures. 

The middle columns of Figures 9a and 9b show the spec¬ 
troscopic and targeted completeness as a function of color 
for objects within 5' of the lens galaxy and with I < 20.5. 
While we did apply a color-based priority when designing the 
multi-object configurations, this selection was very broad and 
not strict (galaxies outside the prioritized color region were 
not discarded as targets but just given lower priority). Thus 
we do not expect to have strong color biases in the targeted 
completeness and this is manifested in Figures 9a and 9b. 


The spectroscopic completeness, however, is skewed towards 
bluer objects due to our higher success rate of obtaining red- 
shifts for blue galaxies as discussed above. For the individual 
fields, however, the effect is not as obvious. The colors used 
in the target selection for the B0712 field were initially incor¬ 
rect, but we expect that the color selection to be unbiased. The 
resulting color distribution is peaked at (R - I) ~ 0.7, likely 
reflecting the large structure in this field (Figure 1 lc). 

The last columns in Figures 9a and 9b present the com¬ 
pleteness as a function of distance from the lens for objects 
with I < 20.5. Here we see the strongest bias inherent 
from our target selection; the completeness is highest in the 
vicinity of the lens galaxy. This effect is less noticeable for 
fields that have been targeted using fewer masks and/or dur¬ 
ing a single observing run, such as B0712, MG1131, H1413, 
SBS1520, MG1549 and B1600 (single run Hectospec obser¬ 
vations), Q1017, HE 1104, Q1355 (single run IMACS obser¬ 
vations). The effect is most pronounced for fields targeted 
with LDSS-2 and LDSS-3, as the smaller field-of-view of 
these instruments and our requirement that the lens be within 
each slit mask results in a denser sampling near the lens. This 
bias is in fact useful because we expect that the largest shear 
is caused by structures with a small impact parameter rela¬ 
tive to the lens (Momcheva et al. 2006). Therefore the high 
completeness in the center of the field will allow us to iden¬ 
tify sparsely populated structures at small impact parameter, 
while larger structures can still be discovered at large impact 
parameters even with sparser coverage. At large radius we no¬ 
tice the effects of the instrument field-of-view: fields observed 
with IMACS have coverage out to 15' from the lens (FOV: 15' 
radius), while fields observed with Hectospec have coverage 
out to the extent of our MOSAIC imaging, ~25' from the lens 
(FOV: 30' radius). 

5. SUMMARY 

We have presented a detailed description of the data acqui¬ 
sition and reduction, as well as the redshift catalog, for a spec- 
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Fig. 9a. — Fraction of objects from the photometric catalog that we have targeted (light shaded histograms) and obtained redshifts for (dark shaded histograms) 
as a function of magnitude (within 5', left), R —I color (within 5' and brighter than I = 20.5, center) and distance from the lens (brighter that I = 20.5, right).The 
errors are based on Poisson statistics. Overall, the targeted and final spectroscopic sample mirror each other well. There are no systematic differences, implying 
that the spectroscopic sample is representative of the targeted population. The completeness relative to the photometric catalog is high, typically > 40% within 
the central 5' of the lens and down to I = 20.5. The completeness as a function of magnitude drops below 30% at I > 20.5 for all lenses, indicating the limitations 
of the spectroscopy. 

troscopic survey of the environments and lines of sight of 28 surements, and they range from 1.3 x 10 4 to 4.3 x 10 4 (i.e., 

galaxy-mass strong gravitational lenses. The spectroscopic cAz = 40 to 130 km s _1 ), depending on the spectral properties 

catalog consists of 9768 unique new redshifts acquired over of the object. The final spectroscopic catalog includes J2000.0 

the course of 15 observing runs utilizing more than 40 nights coordinates, redshifts, and redshift errors. Many structures are 

of 6.5-meter telescope time and four different instruments. We visible in the redshift distributions along the lines of sight to 

test the redshifts both internally and against external redshift these lenses. These structures will be discussed in upcoming 

measurements to ascertain that no biases are introduced when work, 

the different data-sets are combined. The redshift uncertain¬ 
ties are determined based on the scatter in repeat redshift mea- 
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Fig. 9b. — Same as Figure 9a for the fields with V - I colors. 
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APPENDIX 

NOTES ON INDIVIDUAL SYSTEMS 

Q ER 0047-2808 (herein Q0047) was discovered serendipitously by Warren et al. (1996) as part of a spectroscopic survey of 
early type galaxies that included the lens: a massive early type galaxy at zi = 0.485. Q0047 was the first optical Einstein ring 
discovered. Warren et al. (1998) confirmed that the source is a z s = 3.595 highly star-forming galaxy and measured the ring 
radius to be r — 1.35". There is no prior observational work on the environment of the lens galaxy. Based on non-parametric lens 
models, Wayth et al. (2005) conclude that the SIS+external shear models are ruled out by the data. 

Q J0158-4325 ( a.k.a. CTQ 0414, herein Q0158) is a doubly imaged z s = 1.294 quasar lens with image separation 1.2" (Mor¬ 
gan et al. 1999; Faure et al. 2009). The lens redshift is zi — 0.317 ± 0.001 (Faure et al. 2009). The lens galaxy spectrum and 
light distribution are consistent with it being an elliptical galaxy. An over-density of galaxies is found at a photometric redshift 
z = 0.5 ±0.1 by Faure et al. (2004). 

HE0435-1223 (herein HE0435) was discovered as part of the Hamburg/ESO (HES) survey of bright quasars (Wisotzki et al. 
2000) as a z — 1.689 QSO. A follow-up high resolution image with the 6.5 m Baade/Magellan I telescope revealed the four 
lensed images of the quasar (Wisotzki et al. 2002) in a configuration resembling the Einstein Cross lens Q2237+0305 (Huchra et 
al. 1985). The image separations are 2.3" (B-D) and 2.6" (A-C). The lens has a spectrum and a spatial profile characteristic of 
an early type galaxy. Morgan et al. (2005) measure the lens redshift zi = 0.4546 ± 0.0002. HST ACS observations (Morgan et 
al. 2005) reveal a spiral rich group of galaxies within 40" of the lens, but their 18 measured redshifts do not reveal a coherent 
structure. An SIS+shear lens model fits the lens well and requires y = 0.074 at </>., = 76.5 deg. HE0435 is one of the twelve time 
delay lenses in this sample with A tsA = 8.4 ±2.1 days, A tsc = 7.8 ± 0.8 days and A tgo = -6.5 ± 0.7 days (Courbin et al. 2010). 

CLASS B0712+472 (herein B0712) was discovered as part of the JVAS/CLASS (Patnaik et al. 1992b; Jackson et al. 1995) 
survey of flat spectrum radio sources. Follow-up imaging revealed a quadmply imaged z s ~ 1.33 quasar and a V = 22.2 early-type 
lensing galaxy (Jackson et al. 1998). The maximum image separation is 1.27". Fassnacht & Cohen (1998) confirm zi — 0.4060 
and z s = 1.339. B0712 is a flux anomaly lens with the major flux density discrepancy involving the B and D images. Jackson et 
al. (1998, 2000) suggest that while the D image discrepancy is probably due to reddening, the B image discrepancy is most likely 
caused by microlensing. Fassnacht & Lubin (2002a) find a foreground group at z = 0.2909 (confirmed by Fassnacht et al. 2008), 
spatially coincident with the lens and measure its velocity dispersion cr - 306'11° km s 1 . The shear due to this foreground group 
is expected to be small: y = 0.03 to 0.05 (Keeton et al. 1998; Fassnacht & Lubin 2002a). 

MG0751+2716 (herein MG0571) was discovered as a part of the MIT-Greenbank-VLA survey for strong gravitational lenses. 
It consists of four images of a z s = 3.200 ± 0.001 quasar and a partial ring (Lehar et al. 1993b; Tonry & Kochanek 1999). The 
lens galaxy is aR = 21.3 early type galaxy (Lehar et al. 1997) at zi = 0.3502 ±0.0003 (Tonry & Kochanek 1999) and is a satellite 
of a nearby massive elliptical (R = 19.1, z = 0.3501 ± 0.0003, Tonry & Kochanek 1999). Tonry & Kochanek (1999) also identify 
a third member of the group: a nearby emission line galaxy at z — 0.3505 ± 0.00003. Lens models (Lehar et al. 1997) suggest 
that MG0751 requires more external shear, which may be due to its complex environment. This hypothesis is confirmed by 
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Momcheva et al. (2006), who identify another 10 members of the group and determine its velocity dispersion cr = 320*™km s ~ 1 . 
Williams et al. (2006) also identify a background red sequence at zrs = 0.48 consistent with an under-sampled z = 0.5605 group 
with 5 members and cr ~ 550 km s 1 found by Momcheva et al. (2006). 

FBQS J0951+2635 (herein FBQ0951) was the first strong lens discovered by the FBQS (FIRST Bright Quasar Survey, Gregg 
et al. 1996). It was originally identified as a B ~ 16.9, z s = 1-24 quasar, but high-resolution follow-up imaging and spectroscopy 
(Schechter et al. 1998) revealed two images of the same background quasar, separated by 1.1". Eigenbrod et al. (2006a) determine 
the lens redshift zi = 0.26 + 0.002. This is coincident with the redshift zrs = 0.27 of one of the three groups identified by Williams 
et al. (2006) along the line of sight of FBQ0951, the other two red sequences being at zrs = 0.16 and zrs = 0.43. Jakobsson et 
al. (2005) measure the time delay between the two images: At = 16 + 2 days. 

BRI0952-0115 (herein BRI0952) is a doubly imaged z s — 4.5 optical quasar discovered by McMahon & Irwin (1992). The 
image separation is 0.9". The quasar was also detected at millimeter wavelengths (Omont et al. 1996). Keeton et al. (1998) 
find that the lens is a flattened early-type galaxy. Momcheva et al. (2006) suggest that the lens galaxy may be associated with a 
z g = 0.42 group of 5 galaxies with cr = 170^™. This suggestion is rejected by Eigenbrod et al. (2006a), who determine the lens 
redshift to be zi = 0.632 + 0.002. 

Q J1017-207 (a.k.a. CTS J03.13, herein Q1017) was discovered by Claeskens et al. (1996) by careful analysis of the optical 
images for selected highly luminous quasars, which reveled that the J03.13 quasar consisted of at least two separate components. 
Further observations (Surdej et al. 1997) suggested that the two sources were images of the same z s - 2.545 quasar separated 
by 0.849 + 0.001". Lehar et al. (2000) detect the galaxy in 11ST NICMOS imaging. Kochanek et al. (2000b) estimate the lens 
galaxy redshift to be zi = 0.78jJMj 4 based on Fundamental Plane fitting. A reliable spectroscopic redshift is not available, but 
Ofek et al. (2006) estimate zi = 1.088 ± 0.001 based on a Mg II absorption line in the quasar spectra. 

HE1104-1805 (herein HE1104) was serendipitously discovered by Wisotzki et al. (1993) as a doubly imaged radio-quiet quasar 
at z s = 2.319 with image separation 3". The lens redshift zi = 0.729 + 0.001 was measured by Lidman et al. (2000). Based on 
its spectrum and optical colors, the galaxy is likely an elliptical. HE1104 is unusual because the brighter image is closer to the 
lens galaxy, and lens models of the system require fairly large shear y ~ 0.125 to 0.142. The time delay At = 161 + 7 days was 
measured by Ofek & Maoz (2003), who also detected residual variation attributed to microlensing. Faure et al. (2004) find an 
overdensity of galaxies in the field of HI 104, which, based on the photometric redshifts, might be associated with the background 
quasar. 

PG 1115+080 (herein PG1115) is a z s = 1-722 radio-quiet quasar lensed into four images by a z — 0.3098 + 0.0002 elliptical 
galaxy (Weymann et al. 1980; Kundic et al. 1997a; Tonry 1998). The presence of a small group associated with the lens is 
suggested by Young et al. (1981a) and confirmed by Kundic et al. (1997a) and Tonry (1998), who measure the redshifts of 4 
galaxies within 20" of the lens and estimate cr = 270 + 70 km s 1 and cr = 326 km s 1 , respectively. Grant et al. (2004) and 
Fassnacht et al. (2008) detect diffuse X-ray emission associated with the group with temperature kT ~ 0.8 + 0.2 keV. Time delays 
were measured by Schechter et al. (1997) and improved by Bar-Kana (1997): A tsc = 25.0^ g days and A t^dAtRA = 
and more recently confirmed by Artamonov et al. (2011), despite contradicting reports (Vakulik et al. 2009; Tsvetkova et al. 
2010). PG1115 has anomalous flux ratios that are probably due to microlensing (Chiba et al. 2005). 

MG1131+0456 (herein MG1131) was observed with the VLA as part of the MIT - Green Bank (MG) survey. Even a short 
exposure revealed its unusual ring-like morphology. Follow-up observations (Hewitt et al. 1988; Chen & Hewitt 1993) identified 
it as a radio Einstein ring with two compact, embedded sources and revealed an even more complex morphology: a radio jet 
lensed into an elliptical ring, the radio core doubly-imaged, and the oposite radio jet unlensed. In the optical (Kochanek et al. 
2000a), there is an incomplete ring image of the AGN host galaxy, while in H-band the ring image of the host galaxy is complete. 
Ground-based optical and IR imaging (Larkin et al. 1994) showed that both the lens and source were extremely red. Based on 
broad band colors. Hammer et al. (1991) suggest tentative lens and source redshifts: zi ~ 0.85 and z s ~ 1.13. HST imaging shows 
that the lens is an early type galaxy, while the source appears to be an extremely red object at z s ~ 2 (Kochanek et al. 2000a). 
Tonry & Kochanek (2000) measured the lens redshift zi = 0.8440 ± 0.0005. Larkin et al. (1994) notice a significant excess of 
objects within 20" of the lens and suggest that they might complicate the lens potential. Based on the colors of the galaxies in 
the field, Kochanek et al. (2000a) suggest that the lens belongs to a group of at least seven galaxies. Tonry & Kochanek (2000) 
measure redshifts for 3 galaxies in the field and find evidence for a foreground group at z = 0.343 with cr = 232 km s . 

RXJ1131-1231 (herein RXJ1131) is a four-image lens with an Einstein ring discovered serendipitously by Sluse et al. (2003). 
The source and lens redshifts are z s = 0.658 ± 0.001 and z.i = 0.295 + 0.002. The lens galaxy has a characteristic early-type 
spectrum. RXJ1131 has anomalous flux ratios by a factor of two in the optical and three to nine in the X-ray (Blackburne et 
al. 2006), possibly explained by substructure (Morgan et al. 2006). RXJ1131 is also a time delay lens with measured delays of 
tAB = 0.7 + 1.4 days, tcB = -0.4 + 2.0 days, and toA = 91.4 + 1.5 days (Morgan et al. 2006; Tewes et al. 2013). Suyu et al. 
(2013) measure a velocity dispersion for the lens: cr = 323 ± 20 km s 1 . There is evidence for significant structure along the line 
of sight of this lens: a group at z ~ 0.1 and possibly a group associated with the lens (Morgan et al. 2006; Williams et al. 2006). 
Both structures are detected as X-ray sources with luminosities 3.1 + 0.5 X 10 43 and 2 X 10 43 ergs s~ 1 respectively (Morgan et al. 
2006; Sluse et al. 2007, 2008). SIS+y models require a large shear > 0.1 (Morgan et al. 2006). A detailed model of this system 
is presented in Suyu et al. (2013). 

CLASS B1152+200 (herein B1152) is a two-image gravitational lens discovered in the Cosmic Lens All-Sky Survey (CLASS, 
Browne et al. 2003; Myers et al. 2003). A z s — 1.0189 ± 0.0004 quasar is lensed by a zi — 0.4386 ± 0.0008 galaxy. The lens 
galaxy spectrum shows prominent [Oil] emission, suggesting that the lens is a late-type galaxy. The image separation is 1.6". 
The lens galaxy is faint and difficult to de-convolve from the lensed images, thus little is known about the lens itself and lens 
models are very unconstrained. B1152 is a good time delay candidate with an expected time delay At = 32 + 4 h days (Munoz 
et al. 2001), but it is yet to be measured. 

HST J12531-2914 (herein HST12531) was discovered serendipitously in HST WFPC2 observations as part of the Medium 
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Deep Survey (MDS, Ratnatunga et al. 1995). The four images in an Einstein cross configuration are separated by ~ 1" and are 
much fainter (I ~ 25 - 27) than the early type lens galaxy I ~ 19 - 22. Based on fundamental plane fitting, Kochanek et al. 
(2000b) estimate zi = 0 . 63 ^ 3 . Lens models of HST12531 require unusually large shear y ~ 0.2 (Witt & Mao 1997), suggesting 
a misalignment between the galaxy and its DM halo, or perhaps a complex environment. 

LBQS 1333+0113 ( a.k.a. SDSS J1335+0118, herein LBQ1333) was identified as a quasar in the Large Bright Quasar Survey 
(LBQS, Hewett et al. 1991), but not as a lensed source: Hewett et al. (1998) looked for lenses in LBQS, but did not discover 
this one because they were only sensitive to separations larger than 3". Oguri et al. (2004) identified it as a doubly lensed 
z s = 1.57 ± 0.05 quasar in the SDSS. The image separation is 1.56". The lens redshift is zi = 0.440 ± 0.001 (Eigenbrod et al. 
2006). Based on its spectrum and colors, both Eigenbrod et al. (2006) and Oguri et al. (2004) conclude that the lens is an early 
type galaxy. 

Q1355-2257 {a.k.a. CTQ 0327, herein Q1355) was discovered by Morgan et al. (2005) during an HST STIS snapshot campaign 
to find small separation gravitational lenses. The two images of the z = 1-37 quasar are separated by 1.22", and the lens is an 
early type galaxy at zi ~ 0.4 - 0.6 based on the Faber-Jackson relationship(Morgan et al. 2005). Eigenbrod et al. (2007) give a 
tentative measurement of the lens redshift zi = 0.702. The lens redshift is not in NED, but we have added it to our spectroscopic 
catalog. 

HST J14113+5211 (herein HST14113) is a quadruple lens with maximum separation 2.28" discovered serendipitously by 
Fischer et al. (1998) in the z = 0.46 cluster CL 140933+5226 (a.k.a. 3C 295). The lens is identified as an early type galaxy most 
probably belonging to the cluster. Lubin et al. (2000) measure the lens and source redshifts: z.i = 0.465 and z s - 2.811. The 
cluster has velocity dispersion cr = 1300 km s 1 based on 21 members (Dressier & Gunn 1992). 

[HB89] 1413+117 (a.k.a. the Cloverleaf, herein H1413) is one of the most widely studied strong gravitational lenses. It was 
identified as a broad-absorption line quasar at z s = 2.55 by Hazard et al. (1984) and originally included in the Hewitt-Burbidge 
QSO catalog (Hewitt & Burbidge 1989). Later Magain et al. (1988) discovered that it is in fact a gravitational lens with 4 images 
separated by 1.1" and 1.36" along the diagonals, and identify two absorption line systems in the quasar spectra at z = 1.43 
and 1.661 possibly caused by the lens and/or line-of-sight structures. The lens galaxy was detected by Kneib et al. (1998a), who 
derive a photometric redshift z.i = 0.9 + 0.1 for it and the surrounding group of galaxies. They suggest that the lens lies in a dense 
environment (also Kneib et al. 1998), which causes the large shear (y - 0.110 ± 0.003, Keeton et al. 1997) required by lens 
models. Based on extensive photometric redshifts, Faure et al. (2004) find two separate over-densities along the line of sight to 
H1413 at z = 0.8 ± 0.3 and 1.75 ± 0.2. Variations between the image fluxes (e.g., Angonin et al. 1990) have been ascribed to 
microlensing and/or intrinsic quasar variability. Goicoechea & Shalyapin (2010) determine time delays At A n = -17 + 3 days, 
A t AC = -20 ± 4 days, and A t AD =23 + 4 days. 

JVAS B1422+231 (herein B1422) is a four image lens discovered in the Jordell Bank - VLA Astrometric Survey (JVAS, 
Patnaik et al. 1992a,b; King et al. 1999). The source is a z. s = 3.62 radio-loud quasar lensed by a z.i = 0.338 luminous elliptical 
galaxy (Impey et al. 1996; Kundic et al. 1997b). Using the radio light curves, Patnaik & Narasimha (2001) measure the time 
delays between the images to be 1.5+1.4 days (between B and A), 7.6 ±2.5 days (between A and C), and 8.2 ±2.0 days (between 
B and C). The lens belongs to a group of 16 galaxies with cr = 470/^° km s 1 (Kundic et al. 1997b; Momcheva et al. 2006). 
Grant et al. (2004) and Fassnacht et al. (2008) detect the diffuse X-ray emission of the group. Grant et al. (2004) determine 
its temperature kT - 1.0 keV and luminosity L x — 8 x 10 42 erg s 1 . B1422 is also a lens with anomalous flux ratios (Mao & 
Schneider 1998; Chiba et al. 2005). 

SBS 1520+530 (herein SBS1520) is a doubly imaged z. s = 1.855 BAL quasar discovered in the Second Byurakan Survey (SBS, 
Chavushyan et al. 1997). The images are separated by 1.005". The redshift of the lens galaxy is ambiguous: Burud et al. (2002a) 
measure zi = 0.71 ± 0.005, but Auger et al. (2008) claim z/ = 0.761 is more likely. Because of this ambiguity, neither redshift 
is added in our catalog. The time delay between the images is At - 125.8 ± 2.1 days (Eulaers & Magain 2011). Lens models of 
SBS 1520 require unusually large shear y ~ 0.34, which is attributed to a nearby galaxy and a group at the lens redshift (Burud et 
al. 2002a; Faure et al. 2002; Auger et al. 2008). Auger et al. (2008) also find that the lens is best fit with a steeper than isothermal 
profile, which may arise from a tidal interaction with the nearby galaxy. Short term variations in the image fluxes are probably 
due to microlensing (Gaynullina et al. 2005). 

MG J1549+3047 (herein MG1549) was recognized as a gravitational lens by Lehar et al. (1993a) in a radio source mapped as 
part of the MIT-Greenbank-VLA survey (Lehar 1991). The z.i = 0.111 galaxy lenses one of the radio lobes of a z s = 1.170 + 0.001 
(Treu & Koopmans 2003) background radio galaxy into an radio Einstein ring. The velocity dispersion of the SB0 lens galaxy 
is cr, = 227 ± 18 km s 1 (Lehar et al. 1996). A third object at z = 0.604 ± 0.001 lies projected between the lens and the radio 
galaxy producing the jet. 

CLASS B1600+434 (herein B1600) is a two image gravitational lens discovered in the CLASS survey (Jackson et al. 1995). 
A z s = 1.589 ± 0.006 radio source is lensed by a z.i = 0.414 ± 0.0003 edge-on spiral galaxy (Fassnacht & Cohen 1998; Jaunsen 
& Hjorth 1997; Koopmans et al. 1998). The images are separated by 1.4". Koopmans et al. (2000) measure the radio time delay 
of At = 47 12 days and also report that short term variability in the A image is probably caused by microlensing. Burud et al. 
(2000) measure the optical time delay At - 51 ± 4 days. Williams et al. (2006) find a red line-of-sight structure at 7 - 0.5. Auger 
et al. (2007) find that the lens belongs to a group of 6 late-type members with cr = 100 ± 40 km s 1 as well as identifying two 
background groups (z = 0.543, 0.629) or associations that might not be bound. X-ray observations of B1600 (Dai & Kochanek 
2005) fail to detect extended emission from the intra-group gas and place a limit on its luminosity of L x ~ 2 X 10 42 for a group 
at the lens redshift. 

CLASS B1608+656 (herein B1608) was the first lens discovered as part of CLASS (Browne et al. 2003; Myers et al. 2003). A 
z s = 1.394 post-starburst galaxy (Fassnacht et al. 1996) is lensed into four images by a z.i = 0.6304 pair of interacting early-type 
galaxies. The stellar velocity dispersion of the main lens galaxy is cr, = 247 + 35 km s 1 , and it has an E+A spectrum (Koopmans 
et al. 2003). The maximum separation between the images is 2.1". B1608 is a time delay system with radio delays At ha = 31.5/ 2 
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days, Atec = 36.0^J | days, and A t B D = 77.0/™ days (Fassnacht et al. 2002b). Suyu et al. (2010) measure the velocity dispersion 
of the main lens galaxy: 260+ 15 km s -1 . Auger et al. (2008) find a group of eight galaxies at the lens redshift to which Fassnacht 
et al. (2008) add two more members. The group velocity dispersion is cr — 150 ± 30 km s' 1 (Fassnacht et al. 2008). Three other 
groups have been found along the line of sight (z, = 0.265,0.426, and 0.52, Auger et al. 2008; Fassnacht et al. 2008). So far none 
of these groups is detected in X-rays (Dai & Kochanek 2005; Fassnacht et al. 2008). 

MG J1654+1346 (herein MG 1654) was recognized as an unusual radio source in the MIT-Greenbank-VLA survey. A z.i - 
0.254 giant elliptical galaxy lenses one of the radio lobes of a z s - 1-74 radio quasar into a radio Einstein ring (Langston et al. 
1988, 1989; Kochanek et al. 2000b). Langston et al. (1989) notice an enhancement in the number density of galaxies around the 
lens, suggesting a complex environment. Momcheva et al. (2006) identify a group of seven galaxies with cr = 200*™° km s 1 at 
the lens redshift. 

PMN J2004-1349 (herein PMN2004), discovered by Winn et al. (2001) in a southern survey for radio lenses, is a two image 
lens. The radio spectral index of the source is typical for radio-loud quasars, so it is considered a quasar despite the lack of 
optical confirmation. The lens is a spiral galaxy. Based on photometry, Winn et al. (2001) suggest 0.5 < zi < 1-0, but extinction 
considerations used to explain the color differences between the images imply lower values of 0.03 < z/ < 0.36 (Winn, Hall & 
Schechter 2003). 

WFI J2033-4723 (herein WFI2033) is a quadruply imaged z = 1.66 quasar (Morgan et al. 2004) discovered as part of a 
southern hemisphere optical survey for gravitational lenses using the MPG/ESO 2.2 m telescope. The image separation is 2.53". 
Eigenbrod et al. (2006) and Ofek et al. (2006) measure the SO lens redshift to be zi — 0.661 ± 0.001 and z.i — 0.658 ± 0.001, 
respectively. Lens models of the system require large shear y = 0.225 due to a nearby galaxy and/or a group at the lens redshift 
(Morgan et al. 2004). Recently Vuissoz et al. (2008) measure two independent time delays; At a 4 = 35.5 + 1.4 days and 
A t B -c = 62 . 6/2 3 days. 

CLASS B2114+022 (herein B2114) was discovered in the Jordell Bank - VLA Astrometric Survey (King et al. 1999). The 
four radio sources are arranged in an atypical lens configuration. The four images can be divided into two distinct groups: A 
and D are similar to each other, as are B and C, but the pairs are different from one another. Optical observations fail to detect 
the images, but identify two lens galaxies with early type colors and morphologies at zn = 0.3157 and z .12 = 0.5883 (Augusto 
et al. 2001). The foreground galaxy G1 has a spectrum characteristic of E+A galaxies. Using a two plane lens model, Chae, 
Mao & Augusto (2001) explain the A and D radio components. There is no lens model to explain the B and C components yet. 
Momcheva et al. (2006) find a group of five galaxies at z — 0.3141 associated with the foreground lens galaxy and determine 
cr = 110 /™ km s _1 . 

HE2149-2745 (herein HE2149) is a doubly imaged BAL quasar at z = 2.033 discovered by Wisotzki et al. (1996) as part of 
the Hamburg/ESO survey of bright quasars. The elliptical galaxy lens redshift z.i = 0.495 ± 0.01 was measured by Burud et al. 
(2002b), who also determine the time delay between the images At = 103 + 12 days. Based on the large number of galaxies in 
the R band image of the HE2149 field, Lopez et al. (1998) suggest that the lens might be a member of a cluster. Momcheva et al. 
(2006) and Williams et al. (2006), however, only find several groups along the line of sight (at z = 0.27, 0.45, and 0.60), none of 
them associated with the lens. 
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Fig. 10b.— Continued from Figure 10a. No NED redshifts were added in the PMN2004 field therefore this field is not included in the plot. 
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Fig. 11a.— Galaxy redshift distribution in the field of Q0158. The top two panels show the redshift distributions of galaxies projected in RA (top) and Dec 
(middle) in units of proper Mpc from the center of the field. This projection exaggerates the opening angle of the beams (30'), which causes structures to be 
stretched perpendicular to the redshift direction but makes them easier to see. The bottom panel shows the distribution in the form of a histogram with a binsize 
of 6z = 0.001. The vertical dashed line indicates the spectroscopic redshift of the lens galaxy. The histogram includes all galaxies with spectroscopic redshifts. 
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Fig. 1 1b.— Same as Figure 11a but for the field of HE0435. 
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Fig. 1 lc.— Same as Figure 11a but for the field of B0721. 
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Fig. 1 Id.— Same as Figure 11a but for the field of MG0751. 
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Fig. 1 1e.— Same as Figure 11a but for the field of FBQ0951. 








A Spectroscopic Survey of the Fields of 28 Strong Gravitational Lenses 


BRI0952-0115 



0.0 0.2 0.4 0.6 0.8 l.( 


Z 

Fig. 1 If.— Same as Figure 11a but for the field of BRI0952. 
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Fig. 1 1g.— Same as Figure 11a but for the field of Q1017. The vertical dotted line denotes the photometric redshift of the lens galaxy. 
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1h.— Same as Figure 11a but for the field of HE1104. 


PG1115+080 


U 



U 



z 




0 


Fig. 1 li.— Same as Figure 11a but for the field of PG1115. 
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Fig. 1 1l.— Same as Figure 11a but for the field of B1152. 
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Fig. 1 1m.— Same as Figure 11a but for the field of HI2531. The vertical dotted line denotes the photometric redshift of the lens galaxy. 
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Fig. 1 Ip.— Same as Figure 11a but for the field of HST14113. 
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Fig. 1 1q.— Same as Figure 11a but for the field of H1413. The vertical dotted line denotes the photometric redshift of the lens galaxy. 








































30 


Momcheva et al. 


MG1549+3047 



0.0 0.2 0.4 0.6 0.8 l.( 


Z 


Fig. 1 It.— Same as Figure 11a but for the field of MG 1549. 
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Fig. 1 lu.— Same as Figure 1 la but for the field of B1600. 
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Fig. 11 v.— Same as Figure 11a but for the field of B1608. 
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Fig. 1 lw.— Same as Figure 11a but for the field of MG 1654. 






32 


Momcheva et al. 


PMN J2004-1349 



0.0 0.2 0.4 0.6 0.8 l.C 


Z 

Fig. 1 lx.— Same as Figure 11a but for the field of PMN2004. The redshift of the lens galaxy is unknown. 
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Fig. 1 1y.— Same as Figure 11a but for the field of WFI2033. 
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Fig. 1 lz.— Same as Figure 11a but for the field of B2114. 
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Fig. 1 Iaa. — Same as Figure 11a but for the field of HE2149. 
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A Spectroscopic Survey of the Fields of 28 Strong Gravitational Lenses 

TABLE 6 

Spectroscopic Catalog 


Lens 

ID a 

RA 

[J2000] 

Dec 

[J2000] 

b 

['] 

z 

Az 

Flag b 

Q0047 

10217 

12.42451 

-27.87381 

0.00 

0.48416 

2.2e-04 

4 


10217 

12.42451 

-27.87381 

0.00 

3.59500 

1.0e-01 

6 


2267 

12.15079 

-27.92057 

14.78 

0.23926 

1.6e-04 

4 


3127 

12.18116 

-27.88725 

12.93 

0.39620 

1.2e-04 

4 


3241 

12.18753 

-27.97718 

14.00 

0.33659 

3.0e-04 

4 


3365 

12.19159 

-27.98285 

13.97 

0.36733 

2.3e-04 

4 


3422 

12.19416 

-27.96951 

13.49 

0.80010 

1.8e-04 

4 


3464 

12.19584 

-27.90281 

12.25 

0.58873 

3.0e-04 

4 


3505 

12.19643 

-27.80256 

12.84 

0.42918 

2.3e-04 

4 


3534 

12.19875 

-27.88514 

11.99 

0.58333 

1.8e-04 

4 


3693 

12.20341 

-27.95319 

12.65 

0.30984 

1.8e-04 

4 


3775 

12.20468 

-27.96061 

12.76 

0.11481 

1.6e-04 

4 


3748 

12.20681 

-27.83794 

11.75 

0.23802 

1.6e-04 

4 


3906 

12.20864 

-27.84015 

11.63 

0.24151 

1.6e-04 

4 


4008 

12.21207 

-27.83905 

11.46 

0.23939 

1.9e-04 

4 


3931 

12.21374 

-27.85583 

11.23 

0.23733 

2.2e-04 

4 


4093 

12.21538 

-27.82001 

11.56 

0.30709 

1.8e-04 

4 


4086 

12.21682 

-27.92271 

11.39 

0.63518 

2.3e-04 

4 


4116 

12.21871 

-27.99950 

13.25 

0.19498 

1.8e-04 

4 


4250 

12.22098 

-27.83200 

11.08 

0.24111 

1.8e-04 

4 


4237 

12.22311 

-27.84106 

10.86 

0.71106 

1.8e-04 

4 


4359 

12.22523 

-27.83684 

10.80 

0.23834 

2.2e-04 

4 


4376 

12.22898 

-27.92575 

10.82 

0.70888 

2.3e-04 

4 


4612 

12.23434 

-27.98648 

12.13 

0.43872 

2.3e-04 

4 


4598 

12.23683 

-27.98733 

12.05 

0.30786 

3.0e-04 

4 


4636 

12.23825 

-27.82676 

10.28 

0.65420 

3.0e-04 

4 


4834 

12.24329 

-28.00076 

12.25 

0.19352 

2.3e-04 

4 


4842 

12.24414 

-27.82518 

10.00 

0.45331 

1.2e-04 

4 


4847 

12.24470 

-27.77219 

11.33 

0.27697 

1.8e-04 

4 


4876 

12.24578 

-27.98167 

11.47 

0.30865 

2.3e-04 

4 


4912 

12.24608 

-27.82898 

9.84 

0.57034 

1.2e-04 

4 


4860 

12.24616 

-27.97461 

11.22 

0.81058 

1.8e-04 

4 


4933 

12.24688 

-27.90489 

9.60 

0.30805 

1.9e-04 

4 


4906 

12.24691 

-28.01426 

12.63 

0.65565 

3.0e-04 

4 


4952 

12.24901 

-27.95223 

10.42 

0.61204 

1.8e-04 

4 


5010 

12.24985 

-27.99936 

11.93 

0.37581 

2.2e-04 

4 


4985 

12.25027 

-27.96143 

10.62 

0.71003 

3.0e-04 

4 


5024 

12.25172 

-27.87908 

9.17 

0.70729 

3.0e-04 

4 


5097 

12.25227 

-27.89299 

9.20 

0.19637 

1.9e-04 

4 


5163 

12.25613 

-27.81578 

9.59 

0.29255 

1.8e-04 

4 


5254 

12.26032 

-27.99897 

11.49 

0.37575 

2.2e-04 

4 


5335 

12.26330 

-27.93708 

9.35 

0.25492 

2.3e-04 

4 


5479 

12.26927 

-28.00589 

11.42 

0.37507 

1.8e-04 

4 


5610 

12.27396 

-27.77823 

9.84 

0.43122 

1.8e-04 

4 


5663 

12.27628 

-27.83928 

8.13 

0.41219 

2.3e-04 

4 


5761 

12.27732 

-27.98761 

10.36 

0.55562 

3.0e-04 

4 


5837 

12.28226 

-27.99724 

10.56 

0.55376 

3.0e-04 

4 


5873 

12.28276 

-27.87185 

7.52 

0.53312 

3.0e-04 

4 


5909 

12.28497 

-27.91055 

7.72 

0.30879 

2.2e-04 

4 


5916 

12.28592 

-27.94979 

8.64 

0.63381 

3.0e-04 

4 


5899 

12.28606 

-27.98928 

10.09 

0.55833 

3.0e-04 

4 


5891 

12.28621 

-27.86650 

7.35 

0.19428 

2.3e-04 

4 


5993 

12.28957 

-27.95112 

8.52 

0.62033 

1.8e-04 

4 


6030 

12.29061 

-27.80473 

8.23 

0.44744 

1.8e-04 

4 


6069 

12.29189 

-27.91300 

7.41 

0.59416 

3.0e-04 

4 


6343 

12.29425 

-27.88882 

6.97 

0.19536 

1.6e-04 

4 


6226 

12.29705 

-27.83035 

7.25 

0.45505 

3.0e-04 

4 


6318 

12.29778 

-27.96538 

8.68 

0.37374 

2.3e-04 

4 


6418 

12.30197 

-27.89278 

6.60 

0.45111 

2.2e-04 

4 


6470 

12.30366 

-27.89186 

6.50 

0.55688 

3.0e-04 

4 


6451 

12.30452 

-27.84052 

6.67 

0.18501 

1.2e-04 

4 


6471 

12.30507 

-27.95894 

8.13 

0.70917 

1.8e-04 

4 


6568 

12.30878 

-28.01864 

10.63 

0.56688 

3.0e-04 

4 


6630 

12.31023 

-27.95207 

7.66 

0.40121 

1.2e-04 

4 


6604 

12.31040 

-27.91487 

6.53 

0.59446 

2.3e-04 

4 


6614 

12.31053 

-27.98168 

8.85 

0.30710 

2.3e-04 

4 


6655 

12.31113 

-27.87512 

6.01 

0.88495 

1.8e-04 

4 


6786 

12.31567 

-27.82306 

6.53 

0.67993 

1.8e-04 

4 


6958 

12.31926 

-27.95023 

7.22 

0.40295 

1.2e-04 

4 


6950 

12.32000 

-27.95644 

7.43 

0.71265 

3.0e-04 

4 


6899 

12.32002 

-27.94469 

6.98 

0.40293 

2.3e-04 

4 


6927 

12.32015 

-27.94728 

7.07 

0.40295 

1.2e-04 

4 


7101 

12.32228 

-27.90206 

5.68 

0.88094 

1.8e-04 

4 


6976 

12.32228 

-27.84705 

5.66 

0.65539 

3.0e-04 

4 


7050 

12.32443 

-27.92019 

5.99 

0.53162 

1.8e-04 

4 
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TABLE 6 — Continued 


Lens ID a 

RA 

[J2000] 

Dec 

[J2000] 

b 

['] 

z 

Az 

Flag b 

7073 

12.32565 

-28.00320 

9.36 

0.56819 

1.8e-04 

4 

7209 

12.33048 

-28.04399 

11.36 

0.61577 

1.8e-04 

4 

7317 

12.33291 

-27.86770 

4.87 

0.58993 

1.8e-04 

4 

7338 

12.33586 

-27.89142 

4.82 

0.38290 

1.9e-04 

4 

7404 

12.33668 

-27.93955 

6.10 

0.61240 

3.0e-04 

4 

7446 

12.33993 

-27.98593 

8.08 

0.62774 

3.0e-04 

4 

7492 

12.34072 

-27.96618 

7.10 

0.23758 

1.9e-04 

4 

7529 

12.34145 

-27.94023 

5.94 

0.53204 

3.0e-04 

4 

7531 

12.34191 

-27.88562 

4.44 

0.44823 

1.8e-04 

4 

7590 

12.34378 

-27.88981 

4.39 

0.63251 

2.3e-04 

4 

7682 

12.34446 

-27.93345 

5.55 

0.19431 

2.2e-04 

4 

7712 

12.34690 

-27.92947 

5.30 

0.30788 

2.3e-04 

4 

7728 

12.34801 

-27.89831 

4.31 

0.59559 

3.0e-04 

4 

7742 

12.34823 

-27.98398 

7.75 

0.56902 

3.0e-04 

4 

7778 

12.34947 

-27.98820 

7.93 

0.32169 

2.3e-04 

4 

7809 

12.35114 

-27.89370 

4.07 

0.59267 

2.3e-04 

3 

7874 

12.35183 

-27.85640 

3.99 

0.40452 

1.9e-04 

3 

7881 

12.35280 

-27.78493 

6.55 

0.74080 

1.8e-04 

4 

7986 

12.35516 

-27.89809 

3.95 

0.59733 

3.0e-04 

3 

7938 

12.35547 

-28.01996 

9.50 

0.68559 

1.8e-04 

4 

8003 

12.35752 

-27.90359 

3.98 

0.65363 

3.0e-04 

4 

8052 

12.35754 

-27.95168 

5.87 

0.21733 

1.8e-04 

4 

8080 

12.35809 

-27.93124 

4.93 

0.30487 

2.3e-04 

4 

8233 

12.35984 

-27.89345 

3.63 

0.34184 

1.2e-04 

3 

8118 

12.36011 

-27.96099 

6.25 

0.56186 

3.0e-04 

4 

8138 

12.36157 

-27.85349 

3.55 

0.65531 

2.3e-04 

3 

8194 

12.36254 

-27.89627 

3.55 

0.59599 

3.0e-04 

4 

8234 

12.36435 

-27.90252 

3.62 

0.59714 

2.3e-04 

4 

8501 

12.36599 

-27.88721 

3.21 

0.30628 

1.6e-04 

4 

8484 

12.36717 

-27.85149 

3.32 

0.17061 

1.6e-04 

3 

8314 

12.36792 

-27.98474 

7.30 

0.30894 

1.8e-04 

4 

8380 

12.37037 

-27.89271 

3.09 

0.30739 

1.8e-04 

4 

8378 

12.37040 

-27.95639 

5.72 

0.37366 

1.8e-04 

4 

8443 

12.37147 

-27.85328 

3.07 

0.18334 

2.3e-04 

4 

8455 

12.37181 

-27.85694 

2.97 

0.76905 

2.3e-04 

4 

8446 

12.37296 

-27.90727 

3.39 

0.31014 

2.3e-04 

3 

8587 

12.37391 

-27.93327 

4.46 

0.30975 

1.6e-04 

4 

8542 

12.37562 

-27.91275 

3.49 

0.59018 

2.3e-04 

3 

8602 

12.37689 

-27.86125 

2.64 

0.23737 

1.9e-04 

4 

8650 

12.37759 

-27.87823 

2.50 

0.23722 

1.9e-04 

3 

8624 

12.37773 

-27.86422 

2.55 

0.65382 

2.3e-04 

3 

8627 

12.37876 

-27.98739 

7.23 

0.61885 

3.0e-04 

4 

8743 

12.37899 

-27.89928 

2.86 

0.17071 

l.le-04 

3 

8711 

12.38032 

-27.88378 

2.42 

0.08350 

3.0e-04 

3 

8646 

12.38077 

-28.06579 

11.75 

0.68411 

1.8e-04 

4 

8729 

12.38181 

-27.83870 

3.09 

0.66488 

3.0e-04 

3 

8705 

12.38207 

-27.88759 

2.40 

0.53259 

3.0e-04 

3 

8828 

12.38361 

-28.05970 

11.36 

0.17988 

2.3e-04 

4 

8831 

12.38576 

-27.87189 

2.06 

0.23759 

3.0e-04 

3 

8876 

12.38719 

-27.85062 

2.42 

0.53741 

2.3e-04 

3 

8863 

12.38753 

-28.01361 

8.61 

0.43782 

1.8e-04 

4 

8939 

12.38868 

-27.85079 

2.35 

0.53860 

3.0e-04 

3 

8956 

12.38943 

-27.88949 

2.08 

0.45495 

2.3e-04 

4 

8968 

12.39028 

-27.85369 

2.18 

0.53780 

3.0e-04 

3 

9017 

12.39148 

-27.90663 

2.64 

0.30687 

2.2e-04 

4 

9152 

12.39159 

-27.92009 

3.28 

0.32670 

2.3e-04 

4 

9085 

12.39303 

-27.86202 

1.81 

0.66439 

2.3e-04 

3 

9052 

12.39309 

-27.94558 

4.62 

0.66808 

1.8e-04 

4 

9210 

12.39744 

-27.88411 

1.56 

0.53664 

3.0e-04 

4 

9273 

12.39836 

-27.86292 

1.53 

0.48892 

2.3e-04 

3 

9285 

12.40132 

-27.87644 

1.24 

0.82520 

1.8e-04 

4 

9325 

12.40238 

-27.94866 

4.64 

0.59790 

2.3e-04 

4 

9332 

12.40249 

-27.89165 

1.58 

0.53724 

2.3e-04 

4 

9350 

12.40379 

-27.95992 

5.28 

0.44866 

1.8e-04 

4 

9395 

12.40424 

-27.86820 

1.13 

0.57359 

3.0e-04 

3 

9380 

12.40434 

-27.87875 

1.11 

1.93159 

3.0e-04 

3 

9527 

12.40748 

-27.88011 

0.98 

0.55830 

3.0e-04 

3 

9540 

12.40790 

-27.89848 

1.72 

0.46727 

1.8e-04 

4 

9666 

12.40861 

-27.95743 

5.09 

0.44687 

1.6e-04 

3 

9557 

12.40885 

-27.84804 

1.76 

0.82134 

3.0e-04 

3 

9563 

12.40914 

-27.96912 

5.78 

0.44987 

1.8e-04 

4 

9573 

12.40950 

-27.89170 

1.34 

0.53912 

2.3e-04 

4 

9692 

12.41009 

-27.94217 

4.17 

0.18329 

1.8e-04 

4 

9673 

12.41103 

-27.89172 

1.29 

0.59534 

3.0e-04 

3 

9655 

12.41174 

-27.94756 

4.48 

0.71068 

3.0e-04 

3 
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TABLE 6 — Continued 


Lens ID a 

RA 

[J2000] 

Dec 

[J2000] 

b 

['] 

z 

Az 

Flag b 

9678 

12.41229 

-27.85194 

1.46 

0.60534 

2.3e-04 

3 

9691 

12.41329 

-27.85695 

1.17 

0.60573 

2.3e-04 

3 

9852 

12.41707 

-27.89282 

1.21 

0.65336 

2.2e-04 

3 

9971 

12.41783 

-27.88888 

0.97 

0.48774 

1.6e-04 

4 

9914 

12.41820 

-27.89065 

1.06 

0.48386 

3.0e-04 

3 

9887 

12.41906 

-27.86015 

0.87 

0.65385 

2.3e-04 

3 

10056 

12.42208 

-27.84682 

1.62 

0.48602 

1.9e-04 

3 

10088 

12.42338 

-27.80777 

3.96 

0.48611 

2.2e-04 

3 

10058 

12.42410 

-27.93142 

3.46 

0.53842 

2.2e-04 

3 

10125 

12.42443 

-27.90675 

1.98 

0.40186 

9.2e-05 

3 

10063 

12.42524 

-27.89432 

1.23 

0.65211 

2.3e-04 

4 

10380 

12.42805 

-27.92918 

3.33 

0.19602 

1.9e-04 

4 

10241 

12.42823 

-27.94141 

4.06 

0.59693 

3.0e-04 

4 

10268 

12.42931 

-27.93392 

3.62 

0.59732 

2.2e-04 

3 

10303 

12.43036 

-27.85339 

1.26 

0.45597 

3.0e-04 

3 

10312 

12.43106 

-27.88190 

0.60 

0.48676 

3.0e-04 

3 

10367 

12.43225 

-27.88928 

1.01 

0.66372 

3.0e-04 

4 

10407 

12.43264 

-27.84271 

1.92 

0.53704 

3.0e-04 

3 

10381 

12.43338 

-27.84458 

1.82 

0.46583 

1.8e-04 

4 

10420 

12.43341 

-27.85411 

1.27 

0.65439 

1.8e-04 

4 

10483 

12.43409 

-27.79058 

5.02 

0.49328 

1.8e-04 

4 

10585 

12.43577 

-27.82096 

3.23 

0.44174 

2.2e-04 

3 

10535 

12.43613 

-27.65582 

13.09 

0.81882 

1.8e-04 

4 

10552 

12.43699 

-27.88738 

1.05 

0.36582 

2.3e-04 

3 

10691 

12.43833 

-27.78212 

5.55 

0.56688 

3.0e-04 

3 

10731 

12.43875 

-27.79214 

4.96 

0.54518 

3.0e-04 

3 

10974 

12.43917 

-27.97851 

6.33 

0.44816 

2.2e-04 

4 

10711 

12.43922 

-27.90101 

1.81 

0.85213 

3.0e-04 

3 

10789 

12.44109 

-27.83917 

2.26 

0.53666 

2.3e-04 

4 

10793 

12.44137 

-27.92563 

3.23 

0.53260 

2.2e-04 

3 

10896 

12.44227 

-27.99160 

7.13 

0.39324 

3.0e-04 

4 

10821 

12.44273 

-27.83615 

2.46 

0.49294 

2.3e-04 

3 

11060 

12.44452 

-27.92032 

2.99 

0.37518 

1.6e-04 

3 

11028 

12.44518 

-27.87496 

1.10 

0.19473 

2.2e-04 

3 

11122 

12.44675 

-27.64084 

14.03 

0.46780 

1.8e-04 

4 

11160 

12.44702 

-27.64532 

13.76 

0.21024 

1.8e-04 

4 

11051 

12.44760 

-27.85812 

1.54 

0.48633 

2.3e-04 

3 

11085 

12.44775 

-27.94622 

4.52 

0.71238 

2.3e-04 

3 

11179 

12.45037 

-27.86672 

1.44 

0.73776 

2.3e-04 

3 

11211 

12.45091 

-27.86211 

1.57 

0.48572 

1.8e-04 

4 

11251 

12.45172 

-27.84330 

2.33 

0.61135 

1.8e-04 

4 

11320 

12.45334 

-27.92658 

3.52 

0.57479 

3.0e-04 

4 

11398 

12.45447 

-27.83591 

2.77 

0.65709 

3.0e-04 

3 

11444 

12.45531 

-27.94430 

4.53 

0.70912 

3.0e-04 

4 

11580 

12.45628 

-27.80953 

4.21 

0.54591 

3.0e-04 

3 

11525 

12.45711 

-27.79146 

5.24 

0.19800 

1.2e-04 

3 

11551 

12.45716 

-27.87392 

1.73 

0.35211 

1.8e-04 

4 

11517 

12.45811 

-27.88943 

2.01 

0.19475 

2.2e-04 

3 

11522 

12.45846 

-27.87548 

1.80 

0.54686 

2.3e-04 

3 

11576 

12.45989 

-27.83361 

3.06 

0.53655 

3.0e-04 

4 

11631 

12.46025 

-27.92280 

3.50 

0.59680 

3.0e-04 

3 

11646 

12.46034 

-27.84852 

2.43 

0.19375 

1.6e-04 

4 

11591 

12.46057 

-27.84141 

2.73 

0.61138 

2.3e-04 

3 

11682 

12.46086 

-27.82635 

3.44 

0.19384 

1.6e-04 

4 

11677 

12.46223 

-27.83313 

3.16 

0.66227 

2.3e-04 

3 

11739 

12.46241 

-27.64000 

14.17 

0.62088 

3.0e-04 

4 

11912 

12.46325 

-27.80845 

4.43 

0.23903 

1.9e-04 

4 

11732 

12.46362 

-27.88112 

2.12 

0.65260 

3.0e-04 

3 

11833 

12.46372 

-27.84188 

2.83 

0.25447 

1.9e-04 

3 

11784 

12.46443 

-27.80382 

4.70 

0.42874 

2.3e-04 

4 

11915 

12.46657 

-27.88479 

2.33 

0.19494 

1.2e-04 

3 

11993 

12.46883 

-27.81758 

4.11 

0.74534 

1.8e-04 

4 

12126 

12.47158 

-27.91178 

3.38 

0.61683 

2.3e-04 

3 

12132 

12.47192 

-27.80694 

4.74 

0.70539 

1.8e-04 

4 

12318 

12.47477 

-27.79864 

5.24 

0.19626 

1.9e-04 

4 

12307 

12.47630 

-27.66514 

12.82 

0.76400 

2.3e-04 

4 

12391 

12.47708 

-27.71222 

10.09 

0.18314 

1.8e-04 

4 

12604 

12.48292 

-27.91953 

4.14 

0.14467 

9.2e-05 

3 

12660 

12.48456 

-27.75537 

7.79 

0.65535 

1.8e-04 

4 

12914 

12.48849 

-27.88781 

3.49 

0.28257 

2.2e-04 

3 

12924 

12.48908 

-27.87178 

3.43 

0.29252 

1.8e-04 

3 

12962 

12.49099 

-27.82055 

4.76 

0.56396 

1.8e-04 

4 

12985 

12.49178 

-27.86716 

3.59 

0.49384 

2.3e-04 

3 

13084 

12.49326 

-27.92155 

4.63 

0.42810 

1.8e-04 

3 

13223 

12.49485 

-27.94785 

5.80 

0.25512 

2.3e-04 

4 
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TABLE 6 — Continued 


Lens ID a 

RA 

[J2000] 

Dec 

[J2000] 

b 

['] 

z 

Az 

Flag b 

13188 

12.49535 

-27.71084 

10.48 

0.65741 

2.3e-04 

4 

13171 

12.49637 

-27.84837 

4.11 

0.49169 

3.0e-04 

3 

13329 

12.49740 

-27.78777 

6.45 

0.32700 

2.3e-04 

4 

13206 

12.49771 

-27.87480 

3.88 

0.82690 

1.8e-04 

4 

13350 

12.49912 

-27.78604 

6.59 

0.32632 

1.8e-04 

4 

13591 

12.50013 

-27.82742 

4.88 

0.19155 

1.9e-04 

4 

13445 

12.50057 

-27.89994 

4.33 

0.71416 

3.0e-04 

3 

13664 

12.50341 

-27.74803 

8.63 

0.43334 

2.2e-04 

4 

13546 

12.50394 

-27.82010 

5.31 

0.19109 

1.9e-04 

4 

13723 

12.50802 

-27.87382 

4.43 

0.42882 

1.8e-04 

4 

13842 

12.51050 

-27.83001 

5.26 

0.19671 

2.3e-04 

4 

13877 

12.51130 

-27.78889 

6.87 

0.74625 

1.8e-04 

4 

13884 

12.51278 

-27.95857 

6.91 

0.83247 

1.8e-04 

4 

13961 

12.51284 

-27.82227 

5.61 

0.36422 

1.2e-04 

4 

13980 

12.51350 

-27.86092 

4.78 

0.49068 

2.3e-04 

4 

14245 

12.51422 

-27.86873 

4.77 

0.19397 

1.6e-04 

4 

14000 

12.51481 

-27.83677 

5.28 

0.18386 

2.3e-04 

4 

14057 

12.51522 

-27.88490 

4.86 

0.19645 

2.2e-04 

4 

14060 

12.51659 

-27.88813 

4.96 

0.19637 

2.2e-04 

3 

14128 

12.51796 

-27.80841 

6.32 

0.65734 

1.8e-04 

4 

14186 

12.51871 

-27.74855 

9.03 

0.18280 

1.8e-04 

4 

14698 

12.52732 

-27.89445 

5.59 

0.18338 

l.le-04 

4 

14682 

12.52808 

-27.68174 

12.77 

0.11830 

1.2e-04 

4 

14882 

12.52925 

-27.84369 

5.84 

0.19729 

1.6e-04 

4 

14712 

12.53031 

-27.85688 

5.70 

0.19783 

2.2e-04 

4 

14746 

12.53121 

-27.65087 

14.53 

0.67948 

2.3e-04 

4 

14869 

12.53175 

-27.81449 

6.71 

0.54584 

2.3e-04 

4 

14801 

12.53275 

-27.78620 

7.79 

0.66229 

3.0e-04 

4 

14880 

12.53398 

-27.79244 

7.59 

0.18253 

1.8e-04 

4 

15127 

12.53856 

-27.72920 

10.58 

0.65074 

3.0e-04 

4 

15114 

12.53888 

-27.83538 

6.49 

0.17119 

1.8e-04 

4 

15135 

12.53888 

-27.82490 

6.74 

0.28005 

1.9e-04 

4 

15112 

12.53928 

-27.83892 

6.44 

0.22095 

2.3e-04 

4 

15203 

12.53968 

-27.67132 

13.60 

0.47986 

3.0e-04 

4 

15345 

12.54202 

-27.67062 

13.70 

0.53154 

2.3e-04 

4 

15422 

12.54418 

-27.67051 

13.76 

0.55304 

1.8e-04 

4 

15492 

12.54653 

-27.88252 

6.49 

0.12240 

1.8e-04 

4 

15498 

12.54821 

-27.86563 

6.58 

0.92221 

3.0e-04 

4 

15585 

12.54924 

-27.85636 

6.70 

0.32387 

2.3e-04 

4 

15628 

12.55019 

-27.80403 

7.87 

0.45598 

2.3e-04 

4 

15706 

12.55233 

-27.79783 

8.17 

0.48937 

2.3e-04 

4 

15771 

12.55238 

-27.93911 

7.83 

0.19685 

2.2e-04 

4 

15866 

12.55422 

-27.79519 

8.34 

0.49079 

3.0e-04 

4 

15941 

12.55676 

-27.79328 

8.52 

0.49080 

2.3e-04 

4 

15909 

12.55684 

-27.75779 

9.89 

0.59267 

1.8e-04 

4 

15883 

12.55699 

-27.81785 

7.79 

0.19114 

1.8e-04 

4 

15940 

12.55809 

-27.83231 

7.51 

0.32598 

1.2e-04 

4 

16118 

12.56216 

-27.74564 

10.61 

0.65609 

1.8e-04 

4 

16152 

12.56221 

-27.79243 

8.79 

0.32591 

1.6e-04 

4 

16321 

12.56317 

-28.03472 

12.13 

0.19816 

2.2e-04 

4 

16156 

12.56358 

-27.82120 

8.03 

0.54489 

1.8e-04 

4 

16269 

12.56586 

-27.86822 

7.50 

0.49142 

2.3e-04 

4 

16544 

12.57113 

-27.92638 

8.39 

0.37669 

1.6e-04 

4 

16649 

12.57464 

-27.84398 

8.16 

0.49702 

1.8e-04 

4 

16787 

12.57724 

-27.69586 

13.41 

0.43644 

1.8e-04 

4 

16901 

12.57929 

-27.96442 

9.84 

0.48881 

2.2e-04 

4 

17009 

12.58134 

-27.91252 

8.63 

0.19347 

1.9e-04 

4 

17772 

12.58405 

-27.79331 

9.75 

0.04018 

2.3e-04 

4 

17433 

12.59081 

-27.88066 

8.83 

0.42129 

1.8e-04 

4 

17481 

12.59309 

-27.87708 

8.94 

0.08346 

2.3e-04 

4 

17552 

12.59549 

-27.87350 

9.07 

0.89252 

2.3e-04 

4 

17748 

12.59845 

-27.82591 

9.66 

0.36419 

2.3e-04 

4 

18069 

12.60364 

-27.93072 

10.09 

0.37643 

2.2e-04 

4 

18219 

12.60789 

-27.97964 

11.61 

0.44029 

2.2e-04 

4 

18244 

12.60946 

-27.84274 

9.99 

0.59480 

2.3e-04 

4 

18524 

12.61687 

-27.86658 

10.21 

0.89686 

3.0e-04 

4 

18571 

12.61700 

-27.92806 

10.71 

0.66021 

3.0e-04 

4 

18837 

12.61952 

-27.98949 

12.44 

0.23964 

1.6e-04 

4 

18812 

12.62260 

-27.90800 

10.70 

0.42821 

2.2e-04 

4 

18898 

12.62504 

-27.94313 

11.41 

0.41230 

1.2e-04 

4 

19073 

12.62781 

-27.72800 

13.90 

0.47770 

3.0e-04 

4 

19256 

12.63024 

-27.97806 

12.57 

0.36128 

1.2e-04 

4 

19261 

12.63248 

-27.89197 

11.08 

0.42122 

2.3e-04 

4 

19350 

12.63482 

-27.99644 

13.35 

0.56412 

3.0e-04 

4 

19517 

12.63881 

-27.82623 

11.72 

0.59130 

2.3e-04 

4 
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TABLE 6 — Continued 


Lens 

ID a 

RA 

[J2000] 

Dec 

[J2000] 

b 

['] 

z 

Az 

Flag b 


19837 

12.64113 

-27.97492 

12.98 

0.23993 

l.le-04 

4 


19741 

12.64387 

-27.85464 

11.69 

0.30514 

1.8e-04 

4 


19724 

12.64393 

-28.01362 

14.33 

0.61807 

2.3e-04 

4 


19919 

12.64403 

-27.78508 

12.81 

0.11924 

1.9e-04 

4 


19713 

12.64456 

-27.95411 

12.62 

0.42901 

1.8e-04 

4 


19847 

12.64698 

-27.82707 

12.13 

0.49058 

3.0e-04 

4 


20031 

12.64930 

-27.97100 

13.26 

0.24084 

2.3e-04 

4 


20059 

12.65092 

-27.79436 

12.93 

0.11640 

2.3e-04 

4 


20327 

12.65118 

-27.77308 

13.46 

0.34575 

2.2e-04 

4 


20332 

12.65596 

-27.81540 

12.77 

0.05935 

2.3e-04 

4 


21093 

12.67754 

-27.92503 

13.76 

0.23381 

1.8e-04 

4 

Stars 


10878 

12.44110 

-27.93995 

4.06 



4 


10966 

12.44593 

-27.85008 

1.82 



3 


21098 

12.67174 

-27.76816 

14.57 



4 

NED 


1365 

12.11765 

-27.93831 

16.72 

1.68900 

5.0e-03 

6 


2160 

12.14584 

-27.79925 

15.45 

0.19630 

2.3e-04 

6 


2299 

12.15291 

-27.97317 

15.58 

0.03100 

2.3e-04 

6 


5022 

12.24762 

-28.00831 

12.36 

0.16496 

3.0e-04 

6 


5258 

12.25966 

-27.57464 

19.98 

0.25230 

5.0e-03 

6 


5235 

12.26003 

-27.58533 

19.39 

0.17166 

3.0e-04 

6 


6224 

12.29721 

-27.87505 

6.75 

0.75150 

5.0e-03 

6 


7177 

12.32466 

-27.90401 

5.60 

0.04040 

3.0e-04 

6 


7542 

12.33464 

-27.79344 

6.78 

0.13812 

3.0e-04 

6 


7850 

12.35160 

-27.98389 

7.65 

3.59500 

2.0e-04 

6 


8124 

12.35585 

-28.00636 

8.74 

0.17280 

2.3e-04 

6 


11761 

12.46401 

-27.98238 

6.84 

1.43300 

5.0e-03 

6 


12818 

12.48404 

-27.88624 

3.24 

0.16470 

3.0e-04 

6 


13651 

12.49168 

-27.74291 

8.63 

0.19521 

3.0e-04 

6 


13783 

12.50577 

-27.73910 

9.16 

0.14341 

3.0e-04 

6 


15970 

12.55173 

-28.01646 

10.89 

0.19398 

3.0e-04 

6 


16036 

12.56152 

-27.94420 

8.40 

1.74600 

5.0e-03 

6 


16422 

12.56647 

-27.72104 

11.87 

2.13000 

5.0e-03 

6 


17788 

12.58970 

-27.62065 

17.54 

0.04076 

3.0e-04 

6 


18562 

12.61284 

-27.72174 

13.54 

0.11816 

3.0e-04 

6 


18618 

12.61576 

-27.65853 

16.43 

0.07360 

5.0e-03 

6 


19451 

12.63797 

-27.89104 

11.36 

1.75540 

5.0e-03 

6 


19665 

12.64270 

-28.04045 

15.28 

0.58670 

5.0e-03 

6 


21590 

12.68266 

-27.86440 

13.70 

0.11783 

3.0e-04 

6 


21638 

12.68966 

-27.66291 

18.94 

2.14600 

1.0e-03 

6 


21958 

12.70075 

-28.00368 

16.58 

1.59300 

4.8e-03 

6 


23954 

12.71043 

-27.86877 

15.17 

0.03190 

3.0e-04 

6 

Total: 

341 








a IDs are unique within the field of a given lens but not over the entire sample. 

b Spectroscopic flags: Flag=l for objects with redshifts that are not in our final photometric catalog; Flag=2 for data obtained with LDSS-2; Flag=3 for data 
obtained with LDSS-3; Flag=4 for data obtained with IMACS; Flag=5 for data obtained with Hectospec; Flag=6 for NED objects. 
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TABLE 7 
Redshift Errors 


Sample 

S/N< 10 

0-A-/A/2 

10<S/N<20 

S/N> 20 

Full Sample 

2.55e-04 

2.05e-04 

1.33e-04 

Non-emission 

3.00e-04 

2.20e-04 

1.57e-04 

1 line, >10A 

2.34e-04 

1.94e-04 

1.08e-04 

2 lines, >10A 

1.80e-04 

1.22e-04 

9.16e-05 



